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PREFACE TO THE SECOND EDITION 


As stated in the Preface to the First Edition, this entire 
work has been planned on the basis of the fact that one cannot 
really understand the application of heat to power plant work 
unless one is familiar with the basic fundamentals of the sub- 
ject. Hence, the first fourteen divisions of this book have 
been devoted to the theory of heat, presented by the author in 
simple language and without the use of complicated mathe- 
matics. Since the theory of heat as covered in this book has 
not changed, little revision has been necessary in this part 
of the book. The remainder of the book deals with the 
application ef these fundamentals to power plants. The art 
of power plant design has advanced materially since the 
author’s original work; hence these latter divisions needed 
revising. Mr. Croft was unable to undertake this work and 
I have been authorized to do it for him. 

In revising this book I have endeavored to maintain the 
author’s style and simplicity of language and presentation. 


Ra BeaeeuRDY. 
New York Cry, 
December, 1938. 


PREFACE TO THE FIRST EDITION 


PRACTICAL Heat endeavors to live up to its title. It 
endeavors to be just what its title indicates. It is a book on 
heat and the practical applications of heat, which may be 
intelligently followed by persons of limited mathematical 
attainments. A working knowledge of arithmetic should 
suffice. Matters of theoretical interest only have been 
avoided. While it is emphasized that this is a “practical” 
book, it should not be inferred that theory has been ignored. 
On the contrary, the entire work has been planned on the 
basis of this fact, that one cannot really understand the prac- 
tical or appleation features of any subject unless he is familiar 
with the fundamental theory of the subject. 

So, in Practical Heat great care has been exercised in the 
preparation of its earlier divisions to establish firmly these 
fundamental principles which underlie all heat phenomona. 
But in establishing these principles the controlling policy has 
been to present all ideas in such a way that they can be readily 
understood by those of limited education. While simplicity 
has been the keynote, technical accuracy has never been sacri- 
ficed. Hence, the book should also prove useful to any reader 
—regardless of the excellence of his previous education—who 
desires an accurate, easily-assimilated treatment of the subject. 

Drawings for all of the illustrations were made especially 
for this work. It has been the endeavor to design and render 
these pictures so that they will convey the desired information 
with a minimum of supplementary discussion. 

Throughout the text, principles which are presented are 
explained with illustrated descriptive expositions or with 
worked-out arithmetical examples. At the end of each of the 
19 divisions there are questions to be answered and, where 
justified, problems to be solved by the reader. These ques- 
tions and problems are based on the text matter in the division 
just preceding. If the reader can answer the questions and 
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solve the problems, he then must be conversant with the sub- 
ject matter of the division. Detailed solutions to all of the 
problems are printed in the appendix in the back of the book. 

As to the method of treatment: Force, pressure, work, 
energy, and power, are first considered because they are 
fundamental concepts upon which all physical science is 
founded. Next follows a discussion of the nature of heat, its 
basic significance, its one source, and its relation to matter 
and temperature. 

Succeeding this, in the division on Heat—Its Measurement 
And Transformations, the fundamental laws of heat phe- 
nomena, such as the first law of thermodynamics, the second 
law of thermodynamics, and the fundamental heat-transfer 
equation, are expounded in a simple manner. Upon the 
principles and laws which are stated in this division (and 
which are more fully developed in the succeeding divisions) 
are based all practical engineering processes. 

The effects of heat, such as the expansion and contraction 
of solids and liquids, the heat phenomena of gases, the melting 
and freezing of substances, vaporization, and the properties 
of vapors, are then examined. In the division on Heat 
Phenomena Of Gases it has been the endeavor to treat this 
rather theoretical subject so that the practical man—or one 
with little mathematical training—can readily understand 
ib. 

Following this discussion of the effects of heat, gas and vapor 
cycles are introduced, since the principles involved therein 
form the groundwork of all practical heat-engine and heat- 
power-plant design. In the next division the subjects of 
combustion, fuels, steam power plants, internal-combustion- 
engine power plants, building warming, and refrigeration are 
given space, as they are the practical applications of heat 
phenomena. In these ‘‘application’’ divisions the aim has 
been to demonstrate how the principles which were developed 
in the preceding divisions are employed in practical heat 
engineering. Finally, a division on instruments is included. 
In this are shown the various instruments which are employed 
in heat engineering; their purposes, usefulness, and limitations 
are examined. 
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With this, as with other books which have been prepared by 
the author, it is the sincere desire to render it of maximum 
usefulness to the reader. It is the intention to improve the 
book each time it is revised and to enlarge it as conditions 
may demand. If these things are to be accomplished most 
effectively, it is essential that the readers cooperate. This 
they may do by advising the author of alterations which they 
feel would be desirable. Future revisions and additions will, 
insofar as is feasible, be based on such suggestions and criti- 
cisms from the readers. 

Although the proofs have been read and checked very care- 
fully by a number of persons, it is possible that some undis- 
covered errors may remain. Readers will confer a decided 
favor in advising the author of any such. 


TERRELL CROFT. 
UNIversity City, 
Sr. Louis, Mo., 
February, 1923. 
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PRACTICAL HEAT 


DIVISION 1 


FORCE, PRESSURE, WORK, ENERGY, POWER 


1. Such Terms As “Force,’? “Work,” “Energy,” And 
“Power” Are Discussed At The Outset because an under- 
standing of their technical significance is essential to the 
intelligent study of heat and its effects. As the reader pro- 
ceeds, it will be shown that heat is energy. Furthermore, 
energy ts stored work and work is force multiplied by distance. 
If the student is thoroughly familiar with these ideas he need 
not, necessarily, read Div. 1. But probably, in any case, a 
review will be profitable. 

2. A ‘Force’? Is A Push Or A Pull; this is the technical 
meaning of the word force. That is, a force is anything which 
has a tendency either to impart motion to a body which is at 
rest, or to change or destroy the uniformity of the motion of a 
moving body. A force may be due to an attraction or a repul- 
sion. Also, not only may a condition of rest or motion be 
altered by a force but the body itself may be altered thereby. 
It may be stretched, compressed, twisted, or bent. 


ExamMPLe.—If a force is applied to a stationary body, the body then 
moves or tends to move. If the body is already in motion, its speed or 
its direction of motion will be changed by the application of the force. 
Or, possibly, both its speed and its direction may be changed. The speed 
may be increased or decreased, depending on whether the force assists or 
opposes the motion. 

EXAMPLE.—The most common force is that due to gravity. It is 
called weight. If a thing weighs 10 lb., this means that the earth pulls on 
it with a 10-lb. force. Steam exerts force on an engine piston. Internal 
steam pressure exerts force on the bolts in a flanged pipe union. The 
bolts exert a restraining force. 


38. The ‘Pound’? Is A Unit For Measuring Force.—A 
properly calibrated spring balance (Fig. 1) will indicate the 


magnitude of a force in pounds. Other weighing devices may 
1 
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sometimes be used to determine the magnitudes of forces. 
Although units other than the pownd—such as the “ounce,” 
“oram,” “ton” and ‘“kilogram’’—can be used for measuring 
forces, the ‘‘pound”’ is the one which will be employed most 
often in this book. 

Nots.—In Practicatty Att ResparcH Work, AND ALTOGETHER 
In Evrorn, Great Brirain Exceprep, Mrerric Unirs Are Usep for 

measuring forces and weights. The gram is 
4 Serenaig the metric-system unit of force and weight. 
The kilogram, a larger unit, is 1,000 grams. 

See Table 4. 

Exampie.—Figure 1 illustrates the force of 
gravity. Gravity is pulling the weight, W, 
down with a force of 314 lb. Opposing the 
downward pull, the spring in the balance is 
pulling up with a force of 34% lb. Thus here, 
as always, there are two equal and opposite 
forces. 

ExamMPLp.—In Fig. 2, the spring balance is 
measuring pulling forces. Note that there are 
two opposing 10-lb. forces. One is exerted by 
each hand. These two forces must be equal 
and opposite. 

EXAMPLE.—To move a freight car (Fig. 3) 
along a track, a force, P, must be applied. 
This force, or draw-bar pull, is necessary to 
Weight. overcome the friction of the wheels on the 

SRT aas track, that of the axles in the bearings, and the 
resistances due to wind pressure and inertia. 
The sum of these opposing forces must be 
a equal and opposite to the draw-bar pull. If, 

: lene in some manner, the friction be decreased, the 

Fig. 1.—Weight is force ; A 
Maetiotcrariivr tenis force of 625 lb. will be more than sufficient to 
balance reads 344 lb. pull the car at the speed at which it had been 

traveling. The excess force will then become 
effective in overcoming the inertia of the car. Thus, the car’s speed will 
be increased until the wind and other resistances become sufficiently 
great that the 625-lb. draw-bar pull is just counterbalanced by them; 
then again the car will be drawn along at a constant though greater 
speed. 

Nots.—Tuer DirrerencE Berween Weicut And Mass should be 
understood. The mass of a body is that which remains unchanged in all 
the transformations which the body may undergo. The weight of a body 
is the gravitational force or pull which is exerted on the body by the earth. 
The weight of a body is different at different points on the earth: on a 
mountain peak its weight will be less than at sea level. Were the body 
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carried (if possible) to the center of the earth, its weight there would be 
zero. But its mass is independent of its position. The standard or 
unit of mass is (in the English system) the pound mass which is the 
amount of mass in a certain lump of metal that is carefully preserved in 
London. The unit of weight is the pownd force which is the force required 


~~-Spring 
ketene 


Fia. 5 herce due to a pull; the spring balance reads 10 Ib. 


to support the standard pound (mass) body at sea level and 45 deg. 
latitude. Weights are indicated by spring balances; masses are indicated by 
platform balances. ‘Thus, if a pound mass were supported by a spring 
balance and carried to different elevations, the balance would show 


Fie. 3.—Draw-bar pull (force) on freight car. 


different weights for the same substance—if it were carried to the center 
of the earth it would read zero. But, if a pound mass were balanced on a 
platform scale against another equal mass, the two masses would balance 
at all points on or in the earth. 

It is a fact, however, that the weight of a body for different places on 
the earth’s surface varies, between the extremes, by only about 1% per 
cent. Hence, for all practical purposes, it may be assumed that the 
weight of a body is a measure of its mass. In this book, therefore, no 
distinction will, in general, be drawn between the mass of a body and its 
weight. The “pound” will be used to mean both ‘pound mass”’ and 
“pound weight.” 
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5. “Pressure” Is Force Per Unit Area, as the word is used in 
a technical sense; note that its technical meaning is different 
from its general meaning. If two substances are in forceful 
contact, the surface of contact of each substance forces or holds 
back the contact surface of the other. The intensity of the 
force at any point on the contact surface 7s called the pressure. 
If two solids (See. 50) are pushed against each other with a 
force and if, Fig. 5, the areas of contact are perfectly smooth 
plane surfaces, the force between the two solids is assumed to 
be of equal intensity throughout the entire area of contact. 
That is, each unit area of the contact surface is assumed to 
take its share of the total force between the two bodies. The 
force sustained by each unit area is called the pressure of 
contact. Now when a fluid (a liquid or a gas) is confined 
within a container, it will take the shape of the container—a 
liquid will contact with the sides and bottom of the container; 
a gas will contact with all of the interior surfaces of the con- 
tainer. The fluid will then exert a force against the container 
at every contact point. The intensity of the force at any point 
is called the pressure at that point. 


Nore.—Tue Term “Pressure” 18 GENERALLY Usep Onty For 
Fiurps because it is doubtful whether the intensity of force between 
solids is ever uniformly distributed over the contact area as was assumed 
above. ‘There are certain kinds of solids, however, which behave some- 
what as do liquids and for which the term pressure is also often used— 
sand, soil, crushed rock, and similar finely divided substances are examples 
of such solids. 


6. Fluid Pressure At Any Point Is Equal In All Directions.— 
It is proved in text-books on physics that the same force 
is exerted upward, downward, or sideways upon a small area 
which is so moved about within a fluid medium that its center 
is always at the same point. This may be explained by the 
perfect freedom of movement of the particles (molecules, 
Sec. 50) of a fluid among one another. One particle of the 
fluid exerts the same force on the particles above, to the 
right, to the left, and (except for its own weight which is so 
very small) below it. Hence, the fluid pressure at any point 
is equal in all directions. At different points, however, the 
fluid pressures may be widely different. At any point the fluid 
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pressure depends on the height and nature of all fluids which 
are so situated above that point that they may produce 
pressure at that point. How fluid pressures are produced 
is explained below. 


EXxpLANATION.—Imagine a huge square shaft or stack, AB Fig. 4, 
to extend from the bottom of a deep sea to the height of 60 miles above 
sea-level. Above this height we may assume 
that there is no air or atmosphere. Hence, 
above the plane A there is nothing that could 
press down on the plane A. Between plane A 
and plane C, however, exist a few particles, let 
us say, of the lighter gases which compose our 
atmosphere. These particles are attracted to 
the earth by gravity. Hence, they push 
downward on the plane C. Therefore, each 
square inch or other unit area which goes to 
make up plane C, is subject to a force or 
pressure. Between planes C and D are more 
particles than between A and C—because of 
the compressibility of gases. Hence, there is a 
greater downward push on plane D than on 
plane C. Therefore, each square inch, say, of 
plane D sustains a greater force than does each 
square inch of plane C—that is, the pressure 
at Dis greater than that at C. The pressures 
on like planes below D would thus be greater 
as they are taken nearer to the sea-level. Thus 
the force acting downward on plane # is due 
to the weight of the gasesin AH, Likewise at 
S (sea-level), the force pressing downward on 
the surface of the water would be that due to 
the total column of atmosphere AS. Each 

Fia. 4.—Illustrating why unit area of S would have to sustain its share 

fluids exert pressure. of the weight of the gases in AS, The varia- 
tions of atmospheric pressure are given in See. 9. 

If, now, we consider a plane F’ at some distance below sea level, we find 
that there is acting down on this plane the weight of the water in SF 
besides the weight of the air in AS. The maximum pressure in the 
column would occur at the bottom plane B which is subject to the weight 
of all water in SB together with the weight of all of the air in AS. 

To summarize, it may be said that the deeper or higher the fluid column 
above a point and the greater the density of the fluid, the greater will be the 
pressure at that point. 


7. The Units In Which Pressures May Be Expressed are 
many. Since pressure is force per unit area and since forces 


Region OF No Atmosphere--. 
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may be measured in pounds, tons, and the like and areas may 
be measured in square inches, square feet, and the like, we 
have such pressure units as pounds per square inch, pounds 
per square foot, tons per square foot, and others. Furthermore, 
since any given pressure may be considered as the equivalent 
of that due to a liquid column of a certain height, it follows 
that pressures may be expressed in terms of liquid-column 
height. Hence, we have such pressure units as inches of 
mercury column, feet of water column, and others. The rela- 
tions of the various pressure units are given in Table 19 and 
Sec. 18. 

8. The Numerical Expression Of A Pressure is, as explain- 
ed above, obtained by dividing the total force which produces 
the pressure by the number of area units in the surface over which 
the total force is uniformly distributed. This form of expres- 
sion ordinarily assumes that the force is distributed uniformly 
over a contact surface. Hence the formula: 

p(t) P= W (pressure) 
Wherein: P = the pressure, expressed numerically in the 
given unit of weight per assumed unit of area. W = the total 
load or force, expressed in any assumed unit of weight, which 
is applied to produce the total load or force. A = the total 


ForceDueto .-Unit Pressure 
Weight of-----*~ Between Block 
Block« 36 Lb, anol loble=9Lb, 


per Sy. In. 
Tronspotrent Block 


=p) > » 5a 
ms 

“Total Force Between rie 

Block and loible+3 Lb, 


Fia. 5.—Illustrating ‘‘force” and ‘‘pressure”’ in terms of pounds and square inches. 


surface, expressed in any desired unit of area, whereon the 
total force is uniformly distributed. 


Nore.—If, in For. (1), W = pounds and A = square inches, then P = 
pounds per square inch. Also, if W = tons and A = square feet, then 
P = tons per square foot. And so with other combinations of the units 
of weight and area. 

Norr.—If the total non-uniformly distributed force which is imposed 
on a surface, is divided by the area of the surface then, the result will be 
the average pressure. 
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Exampie.—A certain 36-lb. block (Fig. 5) imposes a load or force of 
36 lb. on the area upon which it rests. This area is 2 X 2 = 4 3g. in. 


force, Due 10 Weight 
of calle 8 Tons-, 


(ee I 


A Suni 
f am Pressure 
‘Total Force Between 
Between Sono, Per oinot 
and Botton of otto of 
Box=8 Tons pong ay Ne 


Fie. 6.—Illustrating 
“force’’ and ‘‘pressure”’ 
in terms of tons and 
square feet. 


Hence, by For. (1), the average pressure exerted 
by the block = P = W/A = 36 + 4 =9 lb. per 
sq. mm. 

Exampte.—A quantity of sand (Fig. 6) is 
poured into a box which is 3-ft. square inside. 
Thus the box has a bottom area of 3 X 3 = 9 sq. 
ft. The sand weighs 8 tons. Hence, the total 
load or force which it imposes on the bottom of 
the box is 8tons. Then by For. (1), the pressure 
which the sand imposes = P = W/A =8 +9 = 
0.889 ton per sq. ft. 


9. Atmospheric Pressure (Sec. 6) is the 
pressure which is exerted by the earth’s 
atmosphere. This atmosphere extends for 
a great, though unmeasured, distance (Fig 
7) above and enshrouding the earth’s sur- 
face. The depth of the earth’s atmosphere 
has been estimated by different experi- 


menters; the estimates range from 30 to212 miles. This atmos- 
pheric pressure varies, according to the altitude, above sea-level, 
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Fic. 7.—Showing how atmospheric pressure decreases as the height above the earth 


increases, 


of the place at which the pressure is measured. At sea-level 
the atmospheric pressure at a temperature of 32°F. is, so tests 
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show, about 14.7 lb. per sq. in. That is, a column of air, which 
has a cross-sectional area of 1 sq. in. and which extends from sea- 
level to the upper limit of the earth’s atmosphere, weighs 14.7 Ib., 
or more exactly 14.696 lb. Thus 
ne Inches Mercury ‘Column 

we are (at sea-level) existing 28 2035 24d} 28,50 3288 
with a pressure of 14.7 lb. per en HERES : 
sq. in. which is imposed by the 4H z 
fluid in which we live on all por- 
tions of our bodies. The same 
pressure is imposed on all things 
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pressure in the same way that 
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which it lives. 
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Norrt.—Tue Decrease Or ATMos- 
PHERIC PressuRE WitTH INCREASE 
In ALTITUDE (Fig. 8) is due to the fact 
that the depth of the atmosphere Piesoeisedevosetcdoetsazeeuseete 
above an observer grows less as his 2 ea a ee 
altitude grows greater. The atwos. Atmospheric Pressure -Lb.per Sq. In. 
pheric depth above aman in an air- Fia. 8.—Variation of atmospheric 
plane 2 miles above sea-level is 2 miles Pressure with altitude. (Due to the 
less than the atmospheric depth above sith Sy Heneorda eae at 
a man standing on the ground at sea- above the sea-level. Hence the graph 
level. The man at sea-levelis under is not a straight line.) 
the pressure—14.7 lb. per sq. in.—due 
to the full depth of the atmosphere. The man in the airplane is 
relieved of the pressure due to the 2-mile depth of atmosphere beneath 
him and therefore (Fig. 8) the atmospheric pressure imposed on him is 
only about 9.6 Ib. per sq. in. 


2 NE 


Altitude 
rH 


10. Atmospheric Pressure Can Be Measured With A 
Barometer (Figs. 9 and 10). The barometer is an instrument 
which operates upon the principle (Fig. 11) of equilibrium 
between the weight of a column of mercury and the weight 
of a column of atmospheric air (Fig. 4) of the same cross-sec- 
tional area. Pressure which is read on a barometer is called 
barometric pressure or barometer reading. 
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ExpLanaTion.—A glass or porcelain 
dish (Fig. 12) contains a quantity of 
mercury, M. A 3-ft. (or longer) glass 
tube, closed at one end and having an 
inside diameter of any size, is filled with 
mercury. The thumb (Fig. 12-/) is held 


Metal Casing 


Fia. 9. 
Fia. 9.—Simple mercury barometer. 
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OC ie 
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Pressure} 


- Depth of Atmospheric. Envelo, 
Assumed to be About 50 Miles) 


Surrounding. Earth, 


9 In. Cross-Secti 
hs 14.696 Lb, 


Fie. 11—Equilibrium be- 
tween column of atmospheric 
air and column of mercury of 
equal cross-section. 


Tube -- off 


2) Air-Tight-.. 
Chamber ; 


Connection 
to Voicuuym 
Pump-. 


Mercury” 


Fie. 13.— Height of mercury 
column decreases when air 
pressure is lowered. 
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Closed Eno-., 


¢Mercury 


I Filling Tube I- Inverted 


Fie. 12—How a barometer may be 
made. 


Inclined? 
Tube 


“Height of 
Mercury 
Column 


14.—Mercury-column 


Fia. 
height remains the same for 
vertical or inclined tube, 
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space, S, above the falling column will be a practically perfect vacuum 
because there is no gas above the mercury. Hence the pressure on tcp 
of the mercury column will be practically zero. 

But the pressure beneath the mercury column, at its base on the line 
AB (Fig. 11) will be the pressure of the atmosphere. If the experiment is 
made at sea-level, when the temperature of the air is 32° F., this pressure 
will (Fig. 11) be 14.696 lb. per sq. in. Therefore, the mercury-column 
will fall until, due to its height (weight), it will also exert a pressure of 
14.696 lb. per sq. in. This condition of equilibrium will be attained 
when the mercury column falls to a height of 29.92 in. The nominal 
height of the barometer mercury-column at sea-level is usually taken 
as 30 in. 

If the experiment is made at a point two miles above sea-level, the 
atmospheric pressure (Fig. 8), due to the 2-mile diminution in the depth 
of the atmosphere, will be about 9.6 lb. per sq. in. Equilibrium will 
then be established when the mercury-column falls to a height of 19.55 in. 

If the mercury vessel of a barometer, constructed as above specified, 
be arranged in an airtight closed chamber with the mercury tube extend- 
ing out of the top (Fig. 13) and the air be partially exhausted from the 
chamber, the mercury column will fall just as it would if the barometer 
were carried to a higher elevation. With a perfect vacuum in the cham- 
ber, the top of the mercury in the tube will be at the same level as that 
in the dish. When the dish is exposed to atmospheric pressure, however, 
the vertical height of the mercury column remains the same (Fig. 14) 
whether the tube is inclined or vertical. 


11. The Aneroid Barometer (Fig. 15), since it is mich more 
portable and less liable to derangement, is often used for 
ey ‘measuring atmospheric _ pressures, 
y ciel, instead of the mercurial barometer. 
{ Pointer, This instrument may be so accurately 
\ =< constructed as to indicate a difference 
of elevation of 2 or 3 ft. 


wVorcuum Chomber 


EXxPLANATION.—The corrugated top (Fig. 
15) of the airtight cylindrical box, A, in which 
there isa partial vacuum, deflects slightly 
under changes in atmospheric pressure. 
This motion is transmitted, by a delicate 
lever system, Ff, to the pointer, P. The 

5 scale is graduated to read in equivalent 
Operating Rool . 
aioe inches of mercury column. In general, a 
Fic. 15.—Aneroid barometer, /0w barometer indicates stormy weather, and 
a high barometer fair weather. Hence, 
barometer readings may be of assistance in predicting weather 
conditions. 


Supporting? 
Frame 
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12. Pressure Gages Are Instruments For Measuring 
Pressures (Figs. 16 and 22). Perhaps the pe form of 
pressure gage is that shown in Fig. 16. 
This gage indicates the true (absolute, 
Sec. 15) pressure within the connected 
vessel. As is explained below, practi- 
cally all commercial pressure gages in- 


: E21 Boara 
; 110 
dicate the pressure difference between pales 
the actual pressure which is being i IB. | Znch 


measured and the atmospheric pressure. 


EXpLANATION.—The gage illustrated in Fig, 
16 is constructed in exactly the same manner as 
is a mercurial barometer (Sec. 10). Hence, it 
measures the pressure in a connected vessel ex- 
actly as does a barometer measure atmospheric 
pressure. If the pipe, P,is left open to the 
atmosphere the gage will measure the atmos- 
pheric pressure. , If P is connected to a vessel 
wherein the pressure is less than that of the 
atmosphere, the mercury will stand at a lesser 
height in tube 7 than it would when P is open 
to the atmosphere. Likewise, if P is connected 
to a vessel wherein the pressure is greater than 
atmospheric, the mercury will rise higher in T. 
Hence, the height of the mercury column in T is 3 
a measure of the pressure in P. WiGMi 62 A eiaple form 

Unfortunately, the customary power-plant of pressure gage. (As 
pressures could only be measured with such a stated in the text, pressure 
gage as is shown in Fig. 16 by employing tubes, rsa Cat Ee 
T, of lengths ranging from 20 to 60ft. Hence, }¢cause more practical 
such gages are not commonly employed. Fur- gages can be made. See 
thermore, for many purposes, the true pressure Div. 19 on instruments.) 
within a vessel is not as useful as is the pressure 
difference between the pressure in the vessel and that of the atmosphere. 
Therefore, gages, Fig. 18, which indicate how much above or below 
atmospheric pressure a given pressure is, are universally used. Nortr. 
—For a further treatment of pressure gages see Div. 19 on INSTRUMENTS. 
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<1 7A/s Pipe Is 
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13. The Mercurial Manometer May Be Used For Indicating 
Pressures Above Atmospheric Pressure (Fig. 17). In the 
early days of steam-power, gages for indicating boiler pressure 
were made in this form. With such gages the difference, in 
inches, in height between the mercury levels in the legs of the 
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U-tube indicates, in inches of mercury column, the pressure 
above atmospheric pressure, in the vessel to which the instru- 
ment is connected. The operating principle of the mercurial 


= ) abe 
n to WN Use 
pe 
Es phere--- Sa 


Glass--. 
Tubes 


i| fo Vessel 4 


Undler--** Connec tion. 
H Pressure 
‘1 or Vacuum ‘ 
¥ 
"Gloss 
U-Tube i 
Scale----F 
Chamber * 
Mercury 
Fia. 17.—Mercury gage for measur- Fie. 18—Mercurial power-plant 


vacuum gage. (Although this is called 
a vacuum gage, it can also be used for 


ing pressures above or below atmos- 
pheric. (The scale, S, shows that 


in mercury column readings are almost 
exactly 2 < lb. per sq. in. readings; 
actually 1 lb. per sq. in. = 2,036in. 
mercury column. 


measuring small pressures greater than 
atmospheric. When the pressure in 
the chamber to which O connects is 
less than atmospheric, the mereury 
ascends in 72 and descends in 71 and 
vice versa.) 


manometer renders the instrument inconvenient, however, for 
indicating gage pressures higher than about 10 lb. per sq. in.; 
for higher pressures the tubes would have to be too long. 
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Nors.—MercuriaL Manomerprs ARE CommMonty Ussep In Powrr 
Puants For Inpicating Drareres Or Vacuum (Sec. 16) which are pro- 
duced in closed vessels. Instruments (Fig. 18) used for this purpose are 
frequently called vacuum gages. With such instruments the difference 
in the heights of the mereury columns, in legs 7’; and 7s, is an indication 
of the amount by which the external atmospheric pressure exceeds the 
absolute pressure within the vessel to which the instrument is attached. 

Notn.—Manomerers For Mrasurine Very SMALL Pressure Dir- 
FERENCES CoNnTAIN WATER INSTEAD Or Murecury.—Since mercury is 


Atmosphertcy 


. Pressure ~ 
Pointer oes 


Fie. 19—A column of Fie. 20.—Combination pres- 
mercury supports a column sure-and-vacuum gage. 
of water 13.6 times as high. 


(Fig. 19) 13.6 times as heavy as water, a column of water having an 
approximate height of 13.6 * 30 = 408 in. is required (Sec. 10) to bal- 
ance the pressure of the atmosphere. Hence, very slight pressure dif- 
ferences, which might not visibly affect the height of a mercury column, 
would produce quite observable variations in the height of a water column. 


14. Compound Pressure-and-vacuum Gages (Fig. 20) are 
employed in steam power plants. They operate on the same 
general principle as the Bourdon-tube steam gages which are 
discussed in Sec. 677. In the illustration the scale to the 
right, P, gives pressure readings. That to the left, V, gives 
vacuum readings. 

15. The “Absolute”? Pressure existing at any point in a 
fluid medium is understood to mean the true total pressure 
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at that point—the term ‘“‘absolute”’ being used to disting 

from ‘“‘gage’’ pressure, which is defined in the follows 
section. ‘The absolute pressure may be (although it seldi 
is) measured with a gage like that of Fig. 16. The me 


customary method of determining absolute pressure is 


measuring both the atmospheric pressu 
(with a barometer, Sec. 10) and the “‘ gage 
pressure. Since “gage pressure”’ indicat 
only the pressure above atmospheric pre 
sure and since ‘‘absolute pressure”’ is tr 


Lk 
= 
gs 3053 i : 
= eS total pressure, it is evident that: 
iS = 
ia) 
g 2Sho3 $8 (2) Absolute pressure = (Atmospheric pre 
” an 
. as sure) + (gage pressure) 
£ 2 +§ A negative gage pressure, when adde 
5 . ae . . 
Ee NY :& results in an absolute pressure which 
2 liz |%<*S less than the atmospheric pressure, as 
a ' wn . . . 
2 » = explained in the following examples; s 
SI . . 
~ |w-ygase : . also Fig. 21. 
Por tic! Gyins : . 
Vacuum WY ee Eixampie.—lf a boiler contains steam at 1 
sf HES : Ib. per sq. in. gage pressure, as shown by the pr 
Y gS ' gure gage on the boiler, and if the atmosphe: 
Ze We 3 ' . : . 
VaclumiZ4-+ + pressure at that location and time is 14.5 Ib. y 
Fic. 21.—Relation 84: in., then the absolute pressure within the boi 


= 100 + 145 = 
(abs.). 

Examprin.—lf the vacuum gage attached tc 
condenser reads 26 in. of mercury column and the barometer (nearb 
reads 29.5in. of mercury column, the absolute pressure within the conden. 
= 29.5 — 26 = 3.5 in. of mercury column absolute. 


114.5 1b. per sq. in. absol: 


between gage and abso- 
lute pressures. 


16. The “‘Gage’’ Pressure existing at any point in a flu 
medium is understood to mean the difference between t. 
true (absolute, Sec. 15) pressure at that point and the pressu 
of the surrounding atmosphere. That is: 


(Atmospher 
pressu 


(83) Gage pressure = (Absolute pressure) 


It is the pressure which is indicated by all commerci 
pressure gages, such as are shown in Figs. 17, 18, and 2 
When such a gage is (Fig. 22) subject only to atmosphe: 
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pressure it shows no pressure or, as is sometimes said, ‘‘it 
reads zero.’ Hence, “‘zero gage pressure’”’ means ‘‘ atmospheric 
pressure’’—14.7 lb. per sq. in. at sea level. Whenever such a 
gage is connected to a vessel wherein the pressure exceeds 
atmospheric pressure (Fig. 23) the gage indicates a positive 
gage pressure, which is generally called simply a ‘‘gage pres- 
sure.’ If the gage is connected to a vessel wherein the pres- 
sure is less than atmospheric, it tends to indicate and will if 
designed therefor indicate a negative gage pressure, or simply a 
PI” ters 


SLb,per Sy.in, 
Gage Pressure 


Uncovered! Orolinorry 
-. Eno 
“ 


ressure Gage 


RANUARTUCLURUEETTELEN 
WARMUARRARRRTEUER 


 gRRRRRAEREN 


Pressure 


AY peauanens 


{Air Compres seol fo Pressure 


‘Above Normeil Atmosphere 
Fic. 22.—Zero gage pressure : 
coincides with normal atmos- Fia. 23.—Gage registers pressure 
pheric pressure. above atmospheric pressure. 


vacuum—‘‘ vacuum” 


being understood to mean ‘partial 
”) 
vacuum. 


Gages which are used for measuring negative 
gage pressures are commonly called vacuum gages. When 
compound pressure-and-vacuum gages (Sec. 14) indicate a 
vacuum, their pointers shift to the other side of the zero 
mark on the gage scale from the side of the mark on which 
pressures greater than atmospheric are indicated. 

17. Approximate Absolute Pressures In Pounds Per Square 
Inch May Be Computed From Ordinary Gage-pressure 
Readings by the following formula. To obtain the exact 
absolute pressure, the exact atmospheric-pressure value, at 
the location under consideration, in pounds per square inch 


must be substituted for the ‘‘14.7”’ value which is shown in 
the formula. 


(4) 12, = iy ce Al 7/ (pounds per square inch) 


Wherein: P, = 


absolute pressure, in pounds per square inch. 
2 
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Pa = gage pressure, in pounds per square inch. 14.7= 
average atmospheric pressure, at sea-level, in pounds per 
square inch. 


ExampLe.—A steam gage connected to a boiler reads 150 lb. per sq. in. 

What is the approximate absolute pressure within the boiler? SoLurTion. 
Substitute in For. (4): Pa = Pe + 14.7 =150+14.7 =164.7 Ib. per sq. 
in. =absolute pressure within the boiler. However, the stresses in the 
boiler shell are only those due to a pressure of 150 1b. persq.in. This 
is because the surrounding atmosphere presses from the outside against 
the shell in all directions with a pressure of 14.7 Ib. per sq. in. 


18. To Reduce Water- And Mercury-column Pressures To 
Pounds Per Square Inch and Vice Versa, the following 
equations may be used: 


P 
(5) P= 50705 X 14.696 = 0.491,2Py 


(pounds per square inch) 


(6) Py ae = DORE (inches of mercury column) 
(7)) Pu = 0:073,55P; (inches of mercury column) 
(8) P= 13,096P (inches of water column) 
(9) P;= 27.684P (inches of water column) 
(10) Pr= 2/3077 (feet of water column) 
(1D P= 0, 03648P; (pounds per square inch) 
(12 ie OA oo ore (pounds per square inch) 


Wherein: P = the pressure, in pounds per square inch. 
Py =the height of the mercury column, at atmospheric 
temperature, in inches. P; = the height of water column, at 
atmospheric temperature, in inches. Pr = the height of water 
column, at atmospheric temperature, in feet. 


Notrg.—Tue Customary Unirs For Mnasurina Pressures ARE: 
(1) Atmospheric pressure and partial vacuums are generally measured in 
inches of mercury column, (2) Gas pressures, when small, are measured 
in inches of water column. (3) Hydraulic pressures are frequently mea- 
sured in feet of water column. (4) Pownds per square inch is the general 
engineering unit and is used in nearly all work except that specified 
above and frequently also for some of the purposes given in (1) to (3). 
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19. Table Showing Relation Among Units Of Pressure.— 
The liquid columns are assumed to be measured at normal 
atmospheric temperature. 


Pounds |} Pounds |Inches of|Inches of} Feet of 
Name of unit per per mercury | water water 

square | square | column | column | column 

inch, P foot PM Py Pr 
Pound per square inch.............. 1 144 |2.037 27.684 2.307 
Pound per square footie. 2... ccc» 0.006 ,94 1 0.014,1 | 0.192,2) 0.016 
Inch of mercury column............. 0.491,2 | 70.733 1 13.596 1.136 
Inch) of water ‘column... 60:5 5 s.egre.a0s (0.036, 13} 5.203 |0.073,55 1 0.083,3 
Foot of water column............05. |0.433,5 62.424 |0.881,9 12 1 

| 


ExaMpLes.—A pressure of 1 lb. per sq. in. =a pressure of 144 lb. per 
sq. ft. A pressure of 1 in. mercury column =0.419,2 Ib. per sq. in. 


20. ‘Work’? Is The Overcoming Of Opposition Through 
Space.—(Note that “work,” as the word is used in engineer- 
ing has a meaning different from its meaning in ordinary con- 
versation.) Work is done when force is overcome through 
distance. Whenever anything is moved, then work is done. 
When there is no movement, there is no work. To compute 
the work done in overcoming force through distance, two 
factors must be known: (1) The applied force. (2) The dis- 
tance. The distance must be measured in the same direc- 
tion as that of the force. 

21. Numercial Expressions Of Work may be obtained by 

multiplying the applied force by the distance through which 
the force moves. The force may, in practice, be expressed 
in any unit of force. The distance may be expressed in 
any unit of length. The wnt of work is then formed by multi- 
plying together the given units of force and distance. Hence, 
the formula: 
(13) W =FL (work) 
Wherein: W =the work, expressed in the assumed unit- 
terms of the force and distance. F = the force, expressed in 
any assumed unit of force. L = the distance, expressed in 
any assumed unit of length. 


Nore.—If, in For. (13), ¥ = pounds and LZ = inches, then W = inch- 
pounds If F = pounds and L = feet, then W = foot-pounds. If F = 
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tons and L = miles, then W = mile-tons. If ¥ = grams and LZ = centi- 
meters, then W = gram-centimeters. And so with other combinations 
of the units of force and length. 


22. The Unit Of Work Which Is Used Most Frequently 
in the United States is the foot-pound. A foot-pouwnd is the 
work done when a 1-lb. force is 
overcome through a distance of 1 ft. 


Nots.—Tue Merric Units Or Work 
Mosr FrequentLty Usep are, (Table 4) 
the gram-centimeter and kilogram-meter. 
These units are largely employed in South 
America and in Continental Europe. 
They are now little used in America. 


¢Slioling-Friction on Surfoce from 
| A toB=I-Lb, Resisting Force 


/ , ere Block 
; \ . “” One Foot 
e : ‘  Slicling- 
SAVORS =e Fane 
Fia. 24.—One foot-pound of work Fia, 25.—One foot-pound of work done 
done against gravity. against friction. 


Examrin.—A 1-lb. weight (Fig. 24) is lifted vertically to a height of 
1 ft. Here the opposing force (Sec. 2) is a gravity-pull of 1 lb. The 


Gas Burner---* 
Fia. 26.—Steam in kettle raising lid Fie, 27.—Doing work in lifting a 
and thereby doing work. shovel of coal. 


distance through which the opposition is overcome is 1 ft. Hence, by 
For. (13) the work done = W = FL =1X1 =1 ft-lb. = 1 unit of 
work. 
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ExampLs.—A block of iron (Fig. 25) is pushed through a horizontal 
distance of 1 ft., along a wood surface. The friction between the iron 
and the wood develops an opposing force of 1 Ib. Hence, by For. (13), 
the work done = W = FL = 1 X1 = 1 ft.-lb. = 1 unit of work. 

Exampie.— The lid of a kettle (Fig. 26) fits tightly. A total force of 
4 lb. is required to lift it. The steam, which is generated in the kettle, 
pushes the lid upward 0.5 in. What quantity of work is done? Soxv- 
TIon.—By For. (13), W = FL = 4 X 0.5 = 2 in-lb. 

ExamMpie.—A man (Fig. 27) lifts a 
25-lb. shovel of coal 2 ft. from the floor. 
Hence, by For. (13), the work which he 
does = W = FL = 25 X 2 = 50 ft.-ib. 

Exampie.—A compressed-air hoisting 
cylinder (Fig. 28) lifts a 125 lb. weight Cylinder. 
16 in. Hence, by For. (13), the work : 
done = W=FL = 125 <X 16) = 2,000 
in.-lb. = 2,000 + 12 = 166.5 ft.-lb. ez 


‘Distance Lifred’ 


AY \ 
a4 “Compressed 
Air 


23. “Energy” Is Capacity For 
Doing Work this is the technical 
meaning of the word. Energy is 
ability to do work. It is stored 125 Lbs 
work. Any body or medium which 
is of itself, due to its position or 
state, capable of doing work, is ra a 
said to possess energy. Workmust, / 
then, have been previously done i N 
on the body to change its state or ae at ef th” & : 
to give it the position whereby it #9. 28.—Work being done by 
possesses the capacity for doing oe 
work. It is impossible to create energy, nor can energy be 
destroyed. Hence, the amount of energy in the universe is 
always constant. 


Nore.—Enerey Is An Arrrisuts Or Att Matrer.—lt is inherent in 
matter. (Matter is anything which has weight or which occupies space.) 
This follows (Sec. 3) from the fact that position in space is a property of 
all matter. Therefore, since matter is (Sec. 39) universal, energy must 
likewise be universal. Just as there is a definite amount of matter in 
the universe, so is there a definite amount of energy in the universe. 
And just as the matter may exist in various aspects, so likewise may the 
energy exist in various aspects. 


24, “Energy” May Be Expressed In The Same Units As 
Are Used To Express Quantities Of Work (Sec. 22).—This 
follows from the fact that energy is merely stored work, or 
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(Sec. 23) capacity for doing work. ‘Thus the foot-pound is the 
commonly-used unit of energy as well as it is of work. 


EXxampLEe.—Energy or work is stored in the ball of Fig. 29. Work was 
expended in lifting the ball 15 ft. Since the ball weighs 1)4 lb., the work 
done in lifting it from the table top to the 
position shown is, by For. (13): W = FL = 
; 1.5 X 15 = 22.5 ft-lb. The ball then, with 
respect to its original position on the table, 


“Ball has 224 Ft Lb. of 
Energy With Respect possesses 22.5 ft.-lb. of energy. Now, if 


( 
| pe this elevated ball were attached to some 
° machine, such as a clock, and permitted to 
7 descend to the table top, 22.5 ft.-lb. of 
work (neglecting friction) would be given 
up by and could be realized from it. 
25. There Are Two Fundamental 
Forms Of Energy, “Kinetic”? And 
Big. 20 Ball Possesses °2-  <Dotential.””»—These forms are, some- 
ergy due toits position. (Draw- ) 
ing not to scale.) times called respectively energy of 
motion and fixed energy. Kinetic 
energy may be transformed into potential energy and vice 
versa. Bodies possess potential energy by virtue of their 
Water positions or conditions. 
ah, Reservoir Bodies possess kinetic energy 
by virtue of their motion. 


ExampLers.—Since the now sta- 

tionary ball, W, shown in Fig. 29 

; may do work, if permitted to de- 
---Discharge . : 

Pipe scend, it possesses potential energy, 

due to its position. The main 

spring of a clock may possess 


Water Wheel, 
| potential energy, due to its con- 


Brass Shell-. 


Energy Le 


Fra. 30.—Energy of water from reservoir Fre. 31.—Powder in the rifle cartridge 
driving water wheel. possesses potential chemical energy. 


dition of being wound. Water in a reservoir (Fig. 30) has energy, 
due to its position. Powder (Fig. 31) has potential energy, due to its 
explosive properties. A bullet projected from a gun has kinetic energy, 
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due to its motion, and is, thereby, able to pierce (Fig. 32) an iron 
plate. In so doing, part of its kinetic energy is converted into the work 
of piercing the plate. A falling hammer (Fig. 33) has kinetic energy. 

Nore.—Enerey May Br Furruer Divivep Into mechanical, chem- 
ical, electric, radiant, and heat energy. Each of these forms will be dis- 
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Hole Made| _.-” 
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Fia, 32,—Energy,of rapidly moving bullet Fie. 33.—Kinetic energy of falling 
enables it to pierce iron plate. hammer drives tacks. 


cussed in following sections. As explained in the following section, any 
one kind of energy may, by employing suitable machines or processes, 
be transformed into any other kind of energy. 


26. Energy May Be Transformed From One Kind To 
Another.—Whenever there is motion there is energy trans- 
formation; all mechanical processes offer examples of it. Our 
everyday life is simply a succession of such energy transforma- 
tions. Sometimes a process may be traced through an entire 
long series of energy transformations. 


Exampies.—A man eats a meal; a portion of the meal goes toward 
building up his muscular tissues thus storing chemical energy therein; he 
picks up a ball from the ground thus imparting potential energy to the ball; 
he throws the ball into the air thus imparting kinetic energy to the ball. 
The energy which was imparted to the ball was derived from his muscles. 
The kinetic energy of the ball, after he releases it, gradually becomes 
transformed into potential energy as the ball rises. Soon the ball ceases 
to rise. It begins to fall—it again acquires kinetic energy, this time at 
the expense of its potential energy. Having struck the ground, the ball 
has lost all of its potential energy (we may say, see also Sec. 85) but it 
now possesses much kinetic energy. It may deform the earth where it 
strikes and thus heat the ground and itself. Eventually, probably, all 
of the chemical energy which the man expended in lifting and throwing 
the ball will be transformed into heat energy. But this heat energy is 
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given to the earth or our atmosphere where it remains until it has a chance 
to do further work. It may stimulate plant life and thus help to produce 
more of that substance from which the man derived his chemical energy— 
that is, his food. Thus, the transformation of energy will, perhaps, go on 
forever. See also Table 33. 

Notr.—Tue Stare In Wuicn Marrer Exists May Cuance.—So 
also, the state in which energy exists may change. What is now liquid 
iron, of a pale orange color in the pouring-ladle, changes to plastic iron, of 
a cherry-red color in the mold, and again to hard grey iron in the finished 
casting. So, likewise, what is now chemical energy in a coal pile may 
be changed to mechanical energy by a steam engine, thence to electrical 
energy by a dynamo, and, perhaps, to active heat and radiant (light) 
energy in an electric lamp. 

27. Mechanical Energy is that form of energy which may be 
realized directly as mechanical work. A watch spring, when 
wound, is capable of doing mechanical work in unwinding; 
it possesses potential mechanical energy. A rotating flywheel 
has energy of motion; it does the work of carrying the moving 
parts of an engine onward at the instants when the connect- 
ing rod is passing the dead centers. It has kinetic mechanical 
energy. See Table 33. 

28. Chemical Energy (sometimes called ‘‘Internal’’ energy) 
is the energy which is normally ‘‘bound up”’ within the mole- 
cules of all substances. When a chemical process or reaction 
—a rearrangement and transfer of the constituent atoms of 
the molecules (Sec. 155)—occurs, some of the internal chemical 
energy may thereby be automatically released from the mole- 
cules of the substances which participated in the reaction. 
Then this chemical energy will be automatically transformed 
into heat energy, electrical energy, or mechanical energy—as 
determined by the reaction and the conditions under which 
the reaction occurred. Conversely, to effect certain other 
chemical processes it is necessary to add energy—heat energy, 
electrical energy or mechanical energy—to the substances 
involved to cause the transfer and rearrangement of the atoms 
of the molecules necessary to produce the new desired sub- 
stances. When energy is thus added to substances to effect 
a chemical reaction, it then becomes “‘bound up” or latent as 
chemical energy within the molecules of the new resulting 
substances—and will remain so—unless part or all of it is later 
released, and transformed into some other kind of energy, 
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by some subsequent chemical process. These phenomena 
are further discussed in Sec. 157. See also Sec. 437 and Sec. 
461. 


Exampies.—The burning of any fuel is a chemical process, combustion 
(see Div. 14). Combustion is a chemical union of oxygen with the fuel 
substance; the usual products are heat energy, a gas called carbon dioxide, 
other gases, and water. When combustion occurs part of the chemical 
energy which was stored in the fuel and in the oxygen is liberated as heat 
energy. 

By the mechanical rubbing of silver chloride, a solid, it can be decom- 
posed into silver, a metal, and chlorine, a gas. Heat energy from the 
friction of the rubbing, is absorbed, partly by the silver and partly by the 
chlorine, during this chemical process. ‘The absorbed heat energy then 
resides latent in the chlorine and the silver. Mechanical energy has been 
transformed into chemical energy. 

Powder (Fig. 31) possesses a large amount of chemical energy which 
may be liberated and utilized ultimately as mechanical energy to force a 
bullet out of a shell and through a rifle barrel; when the powder burns, 
it is converted into a gas at a very high temperature and pressure; the 
pressure imparts motion to the bullet. When an electric spark is formed 
in a suitable gas mixture in a gas 
engine (Fig. 34), an explosion results. 
This is a manifestation of chemical 
energy being transformed into me- 
chanical energy. The high pressure, 
ff /gnited Gas thus developed above the piston, 

hes results, finally, in the rotation of the 
crankshaft. When a zine bar and 
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Fic. 34.—Energy developed by gasengine Fia. 35.—Electric current circulated due 
as a result of chemical reaction. to chemical energy. 


copper bar (Fig. 35) are immersed in certain acid solutions, a chemical 
action results which forces an electric current to flow—an example of the 
transformation of chemical energy into electrical energy (see also Table 
33). 
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29. No Change In Chemical Composition—That Is, No 
Chemical Reaction—Can Occur Without The Liberation Or 
Absorption Of Energy.—The energy may be either heat, 
radiant, electrical, or mechanical energy, or some combination 
of them, depending on the reaction and the conditions under 
which it occurred. The preceding sums the results of many 
experiments. In this book it is, principally, the liberation 
and absorption of heat energy which are of interest, which 
is further treated in Sec. 156. 

30. Electrical Energy is, in the kinetic form, the energy 
possessed by a current of electricity. Or, in the potential 
form, it is the energy possessed by a ‘“‘charge”’ of electricity, 
stored in a condenser. Since an electric current is a flow of 
electricity—electricity in motion—such a current has kinetic 
energy. The energy of an electrical charge stored in a con- 
denser is potential. This follows, since such a charge is, for 
the time being, fixed or stored. 


Nors.—An electric generator (Fig. 36) is a machine which transforms 
mechanical energy into electrical energy. Mechanical energy may be 
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Fig. 36.—TIllustrating conversion of energy—electrical energy transmitted from 
generator to motor. 


imparted to the generator by an engine, turbine, or waterwheel. The 
generator, thus driven mechanically, forces an electric current (a stream 
of electrons, Sec. 42) to flow in the circuit. Thereby electrical energy is 
developed. Electrical energy may be reconverted into mechanical 
energy (Fig. 36) by electric motors. Electromagnets and electric heaters 
convert electrical energy into magnetic energy and heat energy, 
respectively. 


31. Radiant Energy is the name which is given to that form 
of energy propagation from a hot body, by waves in the 
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ether, which produces the sensations of “light” and ‘‘heat’’ 
when the waves strike objects. Hence, radiant energy is 
classified as a form of kinetic energy. The action of light 
causes certain chemical changes. For example, light acting 
on a photographic plate (Fig. 37) induces chemical changes 
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Fie. 37.—Light energy affects photographio plate. 


which rendey photographs possible. Light acting upon plants 
causes them to grow and assume characteristic colors. See 
Diy. 5 ‘Transfer Of Heat” for further discussion of radiant 
energy. 

Nore.—Tue Earru’s PrincipaL Source Or Rapiant Enerey Is 
Tue Sun (Sec. 65). 

32. Heat Energy Or Heat (Fig. 38) is, as explained in 
Diy. 2., believed to be a condition of motion. The molecules 
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Fic. 38.—Heat energy from fuel converted Fic. 39.—Heat energy raises the 
into mechanical energy by engine. temperature of a body. 
of all substances are (except theoretically at absolute zero. 
Sec. 61), vibrating constantly and separated from one another. 
This vibration and separation produce the phenomena of heat, 
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The speed of vibration of the molecules of a substance deter- 
mines its temperature (Sec. 55). Hence, the vibration of the 
molecules is kinetic heat energy. ‘The separation of the 


molecules is a state of potential 
heat energy. These ideas are 
explained at greater length in 
Div. 4. See examples of heat- 


Weights-----+----- 
/ -Pistons-.. 


igeeearees um energy transformations in Table 
| Vapor Mee 33. 
iT 


| .220 Fohr 
Bein Nors.—Various PHENOMENA RBE- 
suLT From ApPLicaTIoNs Or Hnat 
Enercy.—The temperatures (Fig. 39) 
of substances are raised thereby. By 
the addition of heat, substances are 
changed from a solid to a liquid con- 
dition, or (Fig. 40) from a liquid to a 
gaseous or vaporous condition. When 

Fic. 40.—Heat energy changes a heated, bodies are caused (Sec. 159) 
liquid to a vapor and thereby does to expand or increase in volume. 
mechanical work. These phenomena are discussed in 
detail hereinafter. 


33. Table Of Examples Of Energy Transformations.—The 
examples here given are not to be understood as being the only 
instances of the transformations which they illustrate. (From 
THE THERMODYNAMICS OF H®AT-ENGINES by Reeve.) 


*-Liguiclort 
220 Forhr 


Lamps 


Transformation 
Es = — Example 
From To 
Heat The heating of a body subjected to friction or impact. 
Mechanical........ Electrical The electric generator or the glass-plate electric 
machine. 
Chemical The setting-off of a detonating compound, such as 
fulminate of mercury or nitroglycerine. 
Heat The heating of any conductor by the passage of an 
electric current; the electric heater. 
Electricalenearce Chemical The electrolysis of a chemical compound by the 
passage of a current, as in electroplating or in 
the charging of a storage battery. 


= = ————— = 
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Transformation 
—— —_$$___— Example 
From To | 
— === a — = = = 7 = — 
Blectrical:..ces.s- Mechanical | The electric motor; the solenoid. 
Heat | The combustion of fuels; animal heat. 
Chemical..........| Electrical The evolution of an electric current from a battery. 


| Mechanical | Animal activity; the evolution of a gas from the 
| combination of two solids or liquids as in the chem- 
ical fire engine. 


| Electrical | The thermopile or thermocouple (pyrometer). 


| 
Heastiwi paces ss | Chemical The lime-kiln; the growth of vegetation. 


| Mechanical | The expansion of a heated body; the steam engine. 
| 


Note.—TsfrmopyNnamics is that branch of physical science which 
treats of the relation between heat and mechanical work. Hence, 
the portions of this book which consider the relation between these 
two forms of energy constitute, in reality, a treatment of elementary 
thermodynamics. 


34. The Distinction Between Energy And Work dwells in 
the simple concept that work is a manifestation of energy. 
Work and energy—since they are both measured in the same 
unit, the foot-pound for example—are sometimes confused 
one with the other. Energy (Sec. 23) is a common property 
of all matter (note subjoined to Sec. 23). In fact, there is a 
recent theory, which is gaining recognition, that all matter is 
simply motion. If the theory is accepted, then all matter 
would be energy. Work (Sec. 20) is the medium through 
which the energy which resides in any portion of matter reveals 
its presence. When a quantity of energy is dormant, that is, 
when it is potential energy (Sec. 25), then work, so far as that 
particular quantity of energy is concerned, is in abeyance. 
The dormant energy may then be said (Sec. 23) to impart 
capacity for doing work to the body of matter within which 
it resides. When the same quantity of energy is active, that 
is, when it is permitted to overcome opposition through a dis- 
tance, that energy is revealed as work. The active energy 
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may then be said to have developed or vitalized its dormant 
capacity for doing work. 

35. “Power,” in its technical sense, is the rate of doing 
work. In work and energy only two factors, i.e., force and 
distance, are the elements. In power there is a third factor, 
i.e., time. Observation proves that a machine which does a 
certain amount of work in 1 min. must be larger—more power- 
ful—than another which does the same work in 2 min. A 
small machine may ultimately do the same amount of work 
as a larger one, but the small one requires more time to do it. 
The power of a machine is, then, determined by calculating 
the work which it does per unit of time. Hence the formula: 


(14) Pe-- (power) 


Wherein: P = the average power expenditure, during the time 
interval ¢, expressed as a number of work units of the given 
denomination, per the selected unit of time. W = the work 
done during the time interval t, expressed in any desired unit 
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Pump, 4 Cal>. 
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Fie, 41.—Example of power required to pump water. 


of work. ¢ = the time, expressed in any desired unit of time, 
in which the given quantity of work, W, is done. 


Nore.—If, in For. (14), W = foot-pounds and ¢ = minutes, then P 
= foot-pounds per minute. If W = inch-pounds and ft = seconds, 
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then P = inch-pounds per second. If W = mile-tons and ¢ = days, then 
P = mile-tons per day. And so with other combinations of the units 
of work and time. 

Exampiy.—To get water into a tank (Fig. 41) the water must be 
lifted 35 ft. The pump-lever makes 20 strokes per min. The quantity 
of water pumped at each stroke is 12lb. What is the rate of doing work, 
that is, what power is being expended while the water is being pumped? 
SoLtution.—By For. (13), the work done at each stroke = W = FL = 
12X 35 = 420 ft-lb. The time consumed in doing this quantity of 
work = 1 + 20 = 0.05 min. Hence, by For. (14), the power developed 
=P = W/t = 420 + 0.05 = 8,400 ft.-lb. per min. 


36. The ‘Horsepower’ Is A Unit Of Power.—Any unit 
of power is an expression for a certain amount of work (Sec. 
20) done in one unit of time. The unit of power which is 
commonly used in engineering is the horsepower. By defini- 
tion, the horsepower expresses the doing of work at the rate of 


33,000 ft.-lb. per min. That is, when work is done at the rate 
of 33,000 ft-lb. per min., the power being expended is then 1 
hp. Note that 1 hp. = 550 ft.-lb. per second = 33,000 ft.-ib. 
per minute = 1,980,000 ft.-lb. per hour. 

Notre.—TxHe Horsepower Unit Was Formunatep By James Watt 
as a basis from which to compute the capacities of engines for mine 
service. From empirical data whioh he had obtained, Watt calculated 
that a heavy draft horse, of the breed which had previously been generally 
used for hoisting coal out of mines, could do work regularly at the rate 
assumed, viz., at the rate of 33,000 ft.-lb. per min. It was later deter- 
mined, however, that this assumed unit is much above the average daily 
working capacity of horses. 

Nore.—TuHe Unit or Power Wuicu Is Grneratty Usep IN 
Tue Merric System is the kilogram-meter per second. One meter 
= 39.37 in. 

37. The Average Power, In Horsepower Units, Which Is 
Developed By Any Apparatus Or Agency For Doing Work may 
be computed by the following formula: 

FL 
a P = 33,0001 
Wherein: P = the average power, or rate of doing work, in 
horsepower, during the time interval, ¢, in which the work is 
done. F = the applied force, in pounds. L = the distance 
through which the force acts, in feet. ¢ = the time, in minutes, 
during which the force is applied. 


(horsepower) 
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Notr.—The nominal rate at which a steam engine or other apparatus 
does work is conventionally spoken of as its horsepower rating. 


Exampie.—The number of pushes and pulls, per minute, of an engine 
piston (Fig. 42) is 60. The average total force on the piston is 6,000 lb. 
The length of the stroke is 10 in. What horsepower is being developed 


y Overshot 
{ Water Wheel 


Cylinder---" 
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Fia, 42.—Example of power development Fic. 43.—Power developed by an 
by a steam engine cylinder. overshot water wheel. 


while the engine is in operation? Soxturion.—The distance traversed 
by the force, per minute = 60 X 10 + 12 = 50 ft. Hence, by For. (15), 
P = FL/33,000¢ = (6,000 X 50) + (33,000 X 1) = 9.09 hp. 


Exampie.—tThe effective weight of water flowing from the trough of 
an overshot wheel (Fig. 43) is 4,000 lb. per sec. The vertical distance, 
through which the water falls, is 8 ft. 
What horsepower is being developed? 
Soutution.—The given time = 1 sec. 
= 40 min. Hence, by For. (15), P 
= FL/33,000¢ = (4,000 x 8) + 
(33,000 X 760) = 58.18 hp. 

Exampiy.—A loaded elevator (Fig. 
44) weighs 800 lb. A motor lifts it 6 
ft.-6 in. in 30 see. What horsepower 
is the motor developing? Sonurton. 

fy —The given distance = 6 ft. 6 in. 

1 a er a) = 6.5 ft. The given time = 30 sec. 

4 EDT: = 3%) = 0.5 min. Hence, by For. 

TENE ENE (15), P = FL/33,000 = (800 X 6.5) 

Fira. 44.—What power is required + (33,000 X 0.5) = 0.315 hp. 

to raise the ash-lifting elevator? ExampLyp.—A motor is belted to 

a machine. The belt travels 450 

ft. per min. The difference, in tension, between the two sides of the 

belt is 50 lb. What horsepower is being transmitted? Sonurion.— 
By For. (15) = FL/33,000¢ = (50 X 450) + (33,000 x 1) = 0.68 hp. 
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QUESTIONS ON DIVISION 1 


1, What is force? What effect does it have upon a moving body? Give examples. 
2. What are the common units of force? Give examples. 
3. What is pressure? What kind of substances are generally spoken of as exerting 
pressure? 
4. How does the fluid pressure at a point vary with the direction in which it is 
measured? 
5. State two general classes of pressure units and give examples of each. 
6. What is atmospheric pressure? How isit measured? Give a general description 
of the mercurial barometer. 
7. Why is a man standing on the ground under a heavier atmospheric pressure than 
a man flying in an airplane? 
8. What are pressure gages? Explain two waysin which pressures may be measured. 
9. What is gage pressure? Absolute pressure? State how each is measured. 
10. Define work. What factors are needed in calculating the amount of work done? 
Explain with an example. 
11. What is the unit of work? State examples of its application. 
12. Give and explain the formula for computing work. 
13. What is energy? Can it be destroyed? 
14. What is the unit of energy? Give an example of its application. 
15. What is meant by kinetic energy? Give example. Potential energy? Give 


example. 
16. Give practical examples of mechanical energy and tell whether they are kinetic or 
potential. ~~ 


17. What is meant by chemical energy? Give example. 

18. Give an example of kinetic energy in electrical form. Likewise potential energy. 
19. Why is light classified as a form of energy? 

20. Discuss heat with reference to energy. Is heat energy? 

21. What is power? How is the power of a machine determined? Give an example. 
22. What is the principal unit of power? Give an example of its application 

23. Give and explain the formula used in power calculations. 


PROBLEMS ON DIVISION 1 


1. What force, in pounds, is required to lift, vertically, a cart of coal which has a 
total weight of 1 (short) ton? 

2. Is a wrench, which is lying on the floor and which weighs 5 lb., subjected to any 
force? What effect is due to the weight of the wrench? 

3. An engine with its concrete foundation weighs 20,000 lb. Its base area is 50 
sq.ft. What pressure, in terms of the weight and area as here given, does the foundation 
impose on the supporting soil? 

4. A steam gage registers 128 lb. per sq. in. What is the absolute pressure? (As- 
sume standard atmospheric pressure.) 

5. What pressure, in pounds per square inch, is indicated by a barometer reading of 
28.5 in. of mercury column? 

6, What height of mercury column will balance a 30-ft. water column? 

7. If the man in Fig. 2 pulls 12 lb. with his left hand, what will he be pulling with his 
right? Why? 

8. If a car loaded with coal, weighs 100,000 lb. and the resistance to rolling totals 
5 per cent. of its weight, how much draw-bar pull will be required to keep the car moving 
slowly? 

9. If a bucket of coal weighs 50 lb., how much work will be required to carry it up 
a set of steps to a point which is 15 ft. higher? 

10. A punch exerts an average push of 35,000 lb. in punching a hole in a piece of armor 
plate 34 in. thick. How much energy is required to punch the plate? (Assume that 
the 35,000 lb. is exerted through the }4-in. distance.) 

3 
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11. The tension of one side of a belt is 65 lb., and on the other 140 lb. The belt is 
traveling 300 ft. per min. What is the horsepower transmitted? 

12. What is the horsepower of the head end of a steam cylinder, when the average 
pressure on the piston rod is 3,500 lb., the stroke 15 in., and the revolutions per minute of 
the flywheel, 90? 

13. A pump will deliver 1,500 gal. of water per minute to a water level, 350 ft. above 
the pump. If water weighs 8.3 lb. per gal., at what rate is the pump doing work, in 
foot-pounds per minute and in horsepower? 

14. A 6-hp. motor is used to pump water from a well 75 ft. deep. If the motor is 
running at full capacity, and all losses neglected, compute the number of gallons of water 
raised in three hours. (Water weighs 8.3 lb, per gal.) 


DIVISION 2 


MATTER, HEAT, TEMPERATURE 


38. A Knowledge Of Certain Fundamental Concepts 
Regarding The Material World Is Necessary To An Under- 
standing Of The Phenomena Of Heat.—lIf the various sub- 
stances or materials which we recognize about us, such as air, 
tron, wood, water did not exist, there could be no heat, for heat 
is a condition of materials. The heat sensations which we 
experience, as emanating from substances, are manifestations 
of this condition. 

39. “Matter” Is That Of Which Every Substance In The 
Material World Is F ormed; this is the technical definition of 
matter. But all matter is not of one kind. Different kinds 
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Fia. 45.—Different substances all made up of matter. 


of matter (Fig. 45) form different substances. Thus there are 
thousands of different kinds of matter. 


Notre.—A Supsrance Is AnyrHina Wuicw Has Weitaut AND VOL- 
ump.—Therefore, anything that has weight, and which occupies space, is 
matter. Consequently, anything that can be recognized by sight, touch, 
taste or smell is matter. But not all substances are evident to the four 
senses here enumerated. Many substances, as air and oxygen, are quite 
unapparent to these senses. Yet such substances have weight and 
occupy space, and hence are matter. 

35 
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Norr.—Unrtversat Space Wuicu Is Nor Occurizp By Marrer Is 
Occuriznp By AtrHER (Sec. 46). Hence, the universe comprises only two 
fundamental components: (1) Matter. (2) Ather. 


40. Matter Is Composed Of Minute Particles Called Mole- 
cules.—These particles are so small that one of them, if it 
were possible to separate it from all others, would be invisible 
even under the most powerful microscope. It is not antici- 
pated that magnifying instruments strong enough to render 
molecules observable to the human eye will ever be perfected. 


Norr.—TueE Mo.ecuues Or DirFeRENT SUBSTANCES, as wood, glass, 
steel, rubber, air, oil, are differently constituted. There are as many 
kinds of molecules as there are substances or kinds of matter. 


41. Molecules Are Composed Of Smaller Particles Called 
Atoms (Fig. 46). Atoms are, probably, as much smaller 
than some molecules as molecules 
are smaller than the smallest 
7 ©) particle of matter which may 
Xe) be discerned through the strong- 
est microscope yet produced. 
#0)| Only a few more than about 80 
different kinds of atoms have 
thus far been isolated (from 

Fia, 46.—An imaginary picture of gtoms of different kinds—a 
the molecules of water each of which is 5 
composed of three atoms—one of oxy- single atom has not been 
pie epee ee npanpbesh SCH isolated) and identified. It is 
cules move Pe tims Area ph a said that no more than 92 

different kinds are possible. All 
matter is, therefore, built up of molecules in which one or 
more of these 92 different kinds of atoms subsist in various 
combinations and arrangements. 
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Norr.—A Svusstancn Tur Motecutns Or Wuicn Are ComposEp 
Or Bur One Kinp Or Atom Is Cattep AN ELemMeEnt (Table 42). The 
molecules of most substances, as soap, rubber, steel, brick, flesh, albumen, 
are composed of more than one kind of atom. The molecules of a sub- 
stance may contain hundreds of atoms, even though many be of one kind. 
The molecular composition of every substance, as regards the kinds of 
atoms and the numerical combinations thereof, is invariable for that 
substance. Generally, when the molecular composition of a substance is 
changed the nature of the substance likewise is changed. 
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42. Table Giving The Most Common Chemical Elements, 


With Symbols. 


Element ates Element ee Element tae 
Aluminum..... Al Fiuorime:...... F Nitrogen N 
Antimony...... Sb Glucinum..... Gl Oxy cones O 
LATE OU ere eee A (Colder es Au Phosphorus....| P 
ATEN Chee EAS efelniatees He JPA ANON, 5 oe a Pt 
Barium........| Ba {| Hydrogen.....| H Potassium..... K 
Bismuth ee iodine seer I SUNG ossaneo| MS 
Bromine.......| Br LON Renee as Fe HEYAe concn oan ANE 
Caleiuamieae er Cai aa ecidl pee 12) SOC Li Na 
Garbonees.. a C ithinmeeee ee Li Sulphur s 
Chlorine ....... Cl |) Magnesium....| Mg || Tin... Sn 
Chromiume see ier Manganese....| Mn || Tungsten...... WwW 
Colal (ae ae ee Co || Mereury...... JER || PAWN o.55.0 0a a 0 Zn 
Copperse eer Cu Nickel a. Ni 

I 


Notre.—Every Atom Is BeLtigvep To BE ComPposeD oF SMALLER 
PARTICLES CALLED ELECTRONS ToGETHER Wi1tTH A PosiTIvE NucLEvus.— 
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Fie. 47.—Comparison of sizes of 


smallest and largest atoms 


and 


molecules (Comstock & Trowland). 
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Fie. 48.—Comparative sizes of 
largest molecule and smallest micro- 
scopically visible particle (Comstock 
& Trowland). 
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An electron is a natural particle of negative electricity. The electrons 
which compose an atom are presumed to rotate in regular orbits about a 
center or nucleus of positive electricity of the atom, in much the same way 
as the four moons rotate around the planet Saturn. Hence it appears 
that, in its ultimate composition, all matter is, probably, composed of 
electricity. In the discussion which follows, the atom will be regarded as 
the ultimate division of matter. The electron theory is explained in the 
author’s PracticaL ELECTRICITY. 

Notre.—Atoms (Fig. 47) have an average diameter of about one 
one-thousand-millionth (44,000,000,000) of an inch. A molecule of salt 
has a diameter of about one ten-millionth (0,000,000) of aninch. The 
smallest particle of matter (Fig. 48) that can be viewed through a 
microscope has a diameter of about one hundred-thousandth (14 90,000) of 
an inch. It is estimated that a cubic inch of air contains between 16 
billion billion (16,000,000,000,000,000,000) and 16 thousand billion billion 
(16,000,000,000,000,000,000,000) molecules. 


43. Neither The Molecules Which Form A Substance Nor 
The Atoms Which Form The Molecules Are In Contact With 
One Another.—Relatively large spaces intervene between 
neighboring atoms, and between neighboring molecules, even 
in the most compact of solid substances. 


Norr.—Notwitustanpine THat ImmMensgp Distances, CONSIDERED 
In A RELATIVE SENSE, SEPARATE THE AToMs WuicH Form A MOoLEcULgE, 
a mutual attraction, probably of an electric nature, still prevails among 
them. This mutual attraction will continue in force as long as the requis- 
ite number of atoms, to form the particular kind of molecule, are present, 
and no abnormal condition develops. The attraction may be strong or 
weak. If the latter, the molecules of a substance, if composed of different 
kinds of atoms, may be broken up by heat or by chemical or electrical 
means and then the different kinds of atoms may group by themselves 
to form molecules of the elemental substances (Table 42). Or, by 
similar methods, atoms may be added to the molecules of a substance, and 
another kind of substance be thereby produced. 


44, The Molecule Is The Structural Unit By Which Sub- 
stances Are Differentiated From One Another.—A molecule of 
water is composed (Fig. 46) of two atoms of hydrogen and one 
atom of oxygen. The composition of water molecules, from 
these elements alone and in these proportions, is absolute 
and invariable. Hence, molecules so constituted differentiate 
water from all other substances. Similarly, a molecule of 
common salt is composed of one atom of sodium and one atom 
of chlorine. ‘This, likewise, is an atomical arrangement, in 
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the composition of salt-molecules, which is precise and 
unalterable. Therefore, in this particular composition and 
arrangement lies the inherent difference between common salt 
and all other substances. 

Notse.—TxE NuMBER Or Atoms In A Mo.tncute may be few or many. 


Thus, each common-salt molecule is composed of but 2 atoms, while each 
white-of-an-egg molecule is composed of about 1,000 atoms. 


45. Motion Is An Attribute Of Molecules And, Probably, 
Also Of Their Component Atoms.—Upon this important 
concept is predicated much of our knowledge regarding heat 
phenomena. Whether or not the atoms within a molecule are 
in motion with respect to one another is not definitely known. 
The molecules are supposed to be in motion except at the 
theoretical absolute-zero temperature (Sec. 61), at which 
temperature they are supposed to become motionless. 

Notr.—Mo.ecuies May Fottow Recuiar Patus ALONG STRAIGHT 
Or CurvED LIng§, or their movements may be very erratic and irregular. 
In the latter alternative, the movements of molecules may be compared to 
those of individuals rushing hither and thither in a panic-stricken throng, 
now colliding with one another and now recoiling from the impact. 

Notrse.—Txue Sprpp Or A Hyprocen Mo.eEcute at 32° F. is about 
114 mi. per sec. or nearly 6,000 ft. per sec. Mercury molecules move at 
about {9 the speed of hydrogen molecules, or about 400 mi. per hr. 


46. Ather Is The Name Given To That Which Fills All 
Universal Space Unoccupied By Matter.—It occupies the 
infinitesimal—though large as compared with the size of the 
molecules—spaces which intervene between the atoms 
and molecules of substances, as well as the incon- 
ceivably vast reaches of interstellar space. Nothing is 
definitely known regarding the precise nature of «ther. It 
is believed to be devoid of weight. Being thus imponderable, 
—without sensible or appreciable weight—it cannot (Sec. 
23) be regarded as matter. 

Norn.—Tue Spaces Between Tue Atoms Anp Mo tecutps of 
compact substances, as glass and steel, are not large enough to permit 
ingress of air molecules. But, on the basis of the common-sense assump- 
tion that an absolute void can nowhere exist, there must be something 
within these spaces. This something is what is called a@ther. 

Notre.—Accorp1ne To Certain Later THeortes Ir Is Cuaimnp THat 
TuereE Is No AirHER.—It is said to have been proved by Einstein’s theory 
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of relativity that there is no ether. But whether or not there is an ether 
depends upon the definition which is accepted for ‘‘ether’”— upon the 
properties which this hypothetical ether is assumed to possess. Various 
definitions and properties have been proposed for the ether. As a 
matter of common sense there must be something, in the space of the 
universe which is not occupied by atoms, whereby light waves, heat 
waves, electric waves, and magnetic waves are transmitted. (The 
scientists are reasonably certain that these waves can be readily trans- 
mitted through a perfect vacuum.) It is inconceivable that these waves 
—or any wave motion—can be propagated through ‘‘nothing at all.” 
Hence, in this book the exther will be considered as that medium or 
something which fills what would otherwise be voids in space and whereby 
light, heat, electric, and magnetic waves are transmitted. Furthermore, 
since Einstein’s theory of relativity does not affect the study of heat 
phenomena, it may for the present purposes be assumed that the state- 
ments herein given concerning «ther are true. 


47. Matter Is Indestructible-——The molecular composition 
of a portion of matter may be changed. Through new com- 
binations of its elemental atoms the substance of which any 
portion of matter is formed may be changed into some other 
kind of substance. Or it may be changed into several other 
kinds of substances. But the precise quantity (and mass— 
see note below) of that particular portion of matter will 
continue undiminished. 


Notr.—Ir SrverRAL Susstancrs Br ComMBINED CHEMICALLY, the 
weight of the resultant substance will be the sum of the weights of the 
individual substances. A quantity of oxygen may unite with the com- 
bustibles in a lump of coal to produce combustion thereof. The com- 
bustibles will volatilize and disperse in gaseous form, leaving a residue of 
ash and clinker. But if these constituents—the gases and residual 
substances—could be reassembled, their combined weight would equal 
precisely the weight of the original lump of coal plus the weight of the 
oxygen which was supplied for its combustion. 


48. Matter Cannot Be Created.—Hence the quantity of 
matter in the universe must be constant. It cannot be 
increased, neither can it be diminished. It may, however, 
undergo many changes of form. 

Exampiy.—Rags, wood, and certain other substances, will, after under- 
going certain mechanical and chemical processes, reappear as paper. 
Hydrogen and oxygen will, under certain conditions, combine and form 
water. Note that in both examples no new matter has been created. All 
that has occurred is that the form of existing matter has been changed. 
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49. There Are Three States Of Matter: (1) Solid. (2) 
Liquid. (38) Gaseous.—Theoretically, any substance, as water 
(Fig. 49), may, under different conditions, exist in each of these 
three states. As will be explained in following Secs. 225 and 


I- Solid or Frozen II- Liquiol or Molfen W-Goseous or Voiporizedl 


Fic. 49.—Tllustrating the three states of matter—water in this case. 


351, a substamte in the gaseous state may be either a vapor or a gas. 
In general, if the certain temperature and pressure conditions 
to which a given gaseous substance is subjected are such that 
the substance is then ‘‘near”’ the liquid state, it is then, under 


Fic. 50.—Imaginary condition of Fic, 51.—Imaginary condition of 
molecules in a solid (ice) magnified molecules in liquid (water) magnified 
many millions of times. many millions of times. 


those conditions, called a vapor. If the certain conditions 
are such that the gaseous substance is ‘‘far away” from the 
liquid state then, under these conditions, it is called a gas. 


Nots.—Fies. 50, 51, Anp 52 Intusrrate Imaginary ARRANGEMENTS 
suggested by the apparent action of atoms and molecules. The inter- 
vening distances are not proportional to the sizes of the atoms and 
molecules as illustrated. The actual proportional distances are, in a 
practical sense, immeasurably greater than appears in the illustratoins. 
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Nore.—Resistance To Cuancres Or SHape Is A Common CHaARac- 
TERISTIC Or Supstances In Tue Souip Stary.—The shape of a piece of 
steel (Fig. 53) is difficult to change. The shape of a sheet of thin paper is 
changed with relatively little difficulty. The paper may be folded with 


----[ron Block 


Fie. 52.—Imaginary con- Fie. 53.—Solids resist compression. 
ditions of molecules in gas 
(steam or water vapor) magni- 
fied many millions of times. 


apparent ease. But its resistance to folding will, nevertheless, be 
definite and distinct. 

Resistance To Compression And Susceptibility To Changes Of Shape 
Are Common Characteristics Of Substances In The Liquid State.—W ater is 
practically incompressible. It will, however, instantly take the form of 
(Fig. 54) of any container in which it is placed. 

Susceptibility Both To Compression And Changes Of Shape Are Common 
Characteristics Of Substances In The Gaseous State.—Gaseous substances, 


r 


Rectangular---... Containers of bifferent Forms-._ Spherical 


Fria. 54.—A liquid assumes the form of any container in which it is placed. 


as air, saturated steam, which is a vapor, and highly-superheated steam, 
which approximates a perfect gas, tend to expand indefinitely when 
released from a container. 


50. The Existence Of A Portion Of Matter In The Solid, 
Liquid, Or Gaseous State Depends On The Motion Of Its 
Molecules (Figs. 50, 51 and 52). As stated in Sec. 45, mole- 
cules move or vibrate. The state of the matter—solid, liquid, 
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or gaseous—is determined by the rapidity and extent of motion 
of its molecules. In other words, as will be shown, the state 
of a given portion of matter is determined by the amount of 
heat—heat energy—which it contains. 


ExpLaNation.—“‘/n solids the component molecules are in some way so 
closely bound together, and their vibrations, though still taking place, 
are so narrowly and rigidly limited in relation to one another, that the 
external form of the aggregation—the body taken as a whole—is capable 
of resisting the action of forces of considerable magnitude which may tend 
to deform it. 

In liquids the molecules, though still held together by a mutual attrac- 
tion which limits their distance of separation (in so far as internal molecu- 
lar forces are concerned), they are now quite free to assume any position 
relatively to one another which they choose, or to roll about one another. 
This rolling is what we call flow. 

In the gaseous form the molecules are very much more widely separated 
than in liquids or solids; they are more actively in vibration, and they 
tend to separate to the widest possible degree permitted by external 
resistances, su¢h as the walls of a containing vessel.’”” (From Reeve’s 
THERMODYNAMICS OF HEAT-ENGINES. ) 

Norr.—In Souips Ture Morecutes Arp THoucut To Visrate Ar A 
CoMPARATIVELY SLow Rare and through a small range. Each molecule 


1-Analogy to Molecules I Anoilogy to Molecules 
in a Solid in & Liquid 


I: Analogy to Molecules 
ina Gas 


Fia. 55.—Molecules of substances in the three states act like men in a crowd, pedes- 
trians in a street, and thieves fleeing from an officer of the law. (This is a view from 
above.) 


is analogous to a man (Tig. 55-7) in a densely-packed crowd. He may 
turn around and move slightly from side to side and backward and for- 
ward. But he cannot move far from one position, because he is resisted 
on all sides by other people. 

In liquids, the molecules vibrate more rapidly and through much wider 
ranges. Each molecule moves to and fro encountering little resistance. 
Molecules of liquids are analogous to individuals (Fig. 55-77) passing one 
another on a busy city square. ‘They collide only occasionally. 

In gases, the molecules are so far apart that they have little cohesive 
attraction for one another. They fly about very rapidly and freely. 
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They may be thought of as acting like thieves (Fig. 55-/JJ) scattering 
through a field to escape pursuers. Because of their great freedom of 
movement and high velocities they bombard the sides of the containing 

vessel. This creates therein what is called a “pressure,” (see Sec. 227). 
Nore.—Tue Moxrecures Or Dirrerent Portions OF Sorin MATTER 
Arp INCAPABLE Or INTERMINGLING.—This is due to their restricted 
vibratory motion. Blocks of metal 


Valve fi (Fig. 56) may be forced in contact 
Steel —_ Brass Hydraulic i h Tes- 
Blocks, Elect Aine with each other under enormous pres 


1S. Plungers e a sure, but no intermingling of the 
=a +iP\ molecules of the two blocks will 
——— ‘generally occur. 

The Molecules Of Different Portions 
Of Liquid Matter May, Usually, 
Mingle Freely. This is due to their 
fluid motion. Fluidity is apparent in 
the facility with which a quantity of 
milk, when poured into a cup of coffee, permeates the entire mass. 
Similarly a drop of red ink in a glass of water will tint uniformly all of 
the water. 

The Molecules Of Different Portions Of Gaseous Matter Will Mix Unre- 
strainedly. This may be observed in the blending of colors which attends 
the forcing of differently colored gases into a common vessel. 


51. Molecules Behave Differently In The Three Different 
States In Which Matter Occurs.—That is, their behavior (as is 
explained later, Sec. 52) is determined by the amount of heat— 
heat energy—which is contained in the substance which they 
compose. The rigidity of a solid substance is due to the rela- 
tively strong mutual attraction which prevails among its 
molecules. The fluidity of a liquid substance is due to the 
relatively weak mutual attraction which prevails among its 
molecules. The volatility of a gaseous substance is due to the 
lack of cohesive force between its molecules. The molecules 
of an unconfined gas tend to disperse through all surrounding 
space. All trace of an unconfined gas may thus be lost. 


Note.—Tue Atrrraction AMona Tur Morgscutes Or A Soin is 
analogous to that which exists between two magnets (Fig. 57) in close 
proximity. The magnets will offer quite appreciable resistance to further 
separation. ‘They will likewise resist a force tending to produce a side- 
wise movement of one relative to the other. 

The Attraction Among The Molecules Of A Liquid may be compared to 
the weakened mutual attraction which the magnets in Fig. 57 would 
exhibit if a space equal, say, to their own length intervened between 
them. 


H 
-Great Pressure 


Fia. 56.—Solids remain to them- 
selves, 7.e., do not mix, even when 
subjected to great pressure. 
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The Freedom Of The Molecules Of A Gas is analogous to that which 
exists (Fig. 58) between the lead balls of an exploding shrapnel shell. 
The balls scatter unrestrainedly in all directions at first. Later, of 
course, they all fall to the earth. 


52. The State Or Condition 
Of Molecular Vibration And 
Separation Is Called Heat.— 
Heat is thus conceived to be an 


Magnetic--.. 
Attraction ~ 


COCOA OLTOSSS AS AESS SH, Ly, C14 
Fic. 57.—Molecules have attraction Fia. 58.—The freedom of movements 
similar to that of magnets. of the lead balls from an exploding 


shrapnel shell illustrates the freedom of 


motion of gaseous molecules. 
“ 


inherent attribute of matter so long as molecular vibration 
continues (Sec. 50). An addition of heat—heat energy—means 
either an increase in molecular-vibration velocity (kinetic heat 
energy) or an increase in molecular separation (potential heat 
energy) or both. When we say that heat has been added to a 
portion of matter, we actually mean that the vibration velocity 
of the molecules of the matter or the distance between the 
molecules has been increased through some external agency. 
Kinetic or potential energy has been added to the portion of 
matter. Conversely, when we say that heat has been ab- 
stracted from a portion of matter, we actually mean that the 
rate of vibration of the molecules of the matter or the distance 
between the molecules has been decreased (that heat energy 
has been abstracted) through some external agency. 

53. The External Evidences Of Heat Transfer are, when 
heat is added, an enlargement or expansion (Sec. 185) and, 
when heat is abstracted a diminishment or contraction of the 
apparent bulk or body of the portion of matter. These indi- 
cate that, when an object is heated, the molecules spread 
farther apart on the average, due to their more rapid vibration. 
When the body is cooled their less rapid vibration permits their 
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mutual attraction to pull them closer together. (See Sec. 54, 
for the principal effects of heat transfer.) 

Nots.—Aaqiration Or A SupsTaNnce SppEeps Ur Tue Motion OF Its 
Mo tecutes.—If a soft wire (Fig. 59) be bent rapidly back and forth, 
the bent portion of its bulk will become heated. This will be due to the 
agitation of the molecules in the bent portion. If a piece of lead (Fig. 60) 


Wire Hot-Due to-, 
Bending 


Hot Block, 
of Lead \ 


J x 


Hammer-“ 


Fig. 59.—Bending wire agitates the Fie. 60.—Lead becomes 
molecules, hence makes it hot. hot when hammered. 


be hammered, its temperature will rise. This will be due to the molecules 
having been jarred, slipped and agitated. The rubbing together (Fig. 


---High Ternperoture Due 
to Friction Which Will 
cause the Agitation of 

the Molecules 


Fa 


Bearing 


Fia, 61.—A bearing heats because the molecules are made to vibrate more rapidly by the 
rubbing of the metal surfaces. 


61) of substances agitates the molecules and causes increase of heat. 
Agitation of liquids and gases causes heat to develop therein. 

54. Broadly, There Are Only Three Possible Effects Of 
Heat Transfer To Or From Any Substance—any one, two, or 
all three of which may be produced, depending on the condi- 
tions under which the heat transfer takes place, as is explained 
in Sec. 96: (1) Change in temperature of the substance (Sec. 55) 
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or in molecular vibrational velocity; the part of the total heat 
which produces this change is called “vibration heat.” (2) 
Change in state (Sec. 49) or in the molecular-attraction forces; 
the part of the heat which produces this change is called 
“‘disgregation heat.”’ (3) External work or change in molecular 
position against external forces; the part of the total heat 
which produces this change is called ‘“‘external-work heat,’ 
or ‘‘external heat.” Of course there is really only one kind of 
heat; the terms ‘‘vibration heat,” “disgregation heat,’’ and 
‘“‘external-work heat’’ are employed merely to designate how 
portions of the total heat which is transferred to a substance are 
expended in different ways. 

Exampip.—Consider the effects of adding heat to a quantity of water 


confined in a metal cylinder (as in Fig. 62) under a piston, P, and a weight, 
W. The heat which is first added goes almost entirely, as would be 


~-Bolling Wa'ter 


“Water Has 
Expanded 
Somewhat 


Ip a et J I 
I-Heating IFAfter 10 Minutes II-After 20 Minutes 
\s Begun Of Heating Of Heating 


Fie, 62.—Illustrating effects of heating water. 


indicated by a thermometer, toward raising the temperature of the water; 
this would then be vibration heat. The water would also expand, as 
indicated at JI (Fig. 62) but the expansion would be very small. Hence 
very little of the added heat is external-work heat, useful in lifting the 
weight, W. But, after continued heating, the water would reach a point 
(temperature) where it would become no ‘‘hotter;” that is, its tempera- 
ture would cease to rise. The heat which is then added (J//, Fig. 62) 
separates the molecules of the water against their mutual attractive 
forces and against the weight, W, which tends to hold them together. 
Hence, the heat which is now added is partly disgregation heat, which is 
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useful in changing the state of the substance (from water to steam), and 
is partly external-work heat which is useful in doing external work (by 
lifting the weight, W, against the force of gravity). 

55. The Temperature Of A Body (Figs. 63 and 64) is a 
measure of the tendency of that body to transmit heat to (Fig. 
63) or to withdraw heat from another body. The tempera- 
ture of any substance 7s a measure of the kinetic or vibrational 


Thermometers, 


| 


I-No tendency for heat I-Tendency for heat W-Tendency for heat 
transfer «ransfer from toD transfer from F toE 


Fig. 63—The temperature indicates the tendency of a body to transfer heat. 


energy of its individual molecules—not the total kinetic energy 
of all of its molecules taken together, for this a measure of 
its heat energy or heat content. Hence, do not confuse 
temperature with heat. Temperature is intensity of heat. 
Temperature describes the degree of hotness or coldness of a 
body. Temperature may be thought of as the pressure of the 
heat ina body. Just as the pressure indicated by a steam gage 
is no indicator of the total quantity of steam which the boiler 
or boilers contain, so the temperature of a body (indicated by a 
thermometer) is no measure of the total amount of heat 
contained in the body. 

Notr.—In Gmnerat, Ir May Br Sratep THat TEMPERATURE Is AN 
ApProxIMATE Mpasure Or Toe AMount Or Heat Par Unit WEIGHT 
which a given material contains. In general, the more heat—heat 
energy a given body contains the higher will be its temperature. But, 
this principle does not hold at or near temperatures where changes of 
state (Sec. 49) occur. Hence, the temperature of a substance is not, 
necessarily, any indication whatsoever of the amount of heat which the 
substance contains. The heat content may, when a change of state is 
occurring, be increased or decreased and yet the temperature remain 
constant (Sec. 103). For example, water at its boiling temperature— 
during a change from the liquid to the vaporous state—may have (Sec. 
52) much heat added to it and the water be thereby converted into steam; 
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without change in the temperature. The steam has the same tempera- 
ture (Sec. 104) as the boiling water. 


To Moin--+> 
Steam Heacler ; 
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Absolute 


Fic. 64.—Showing how the temperature—the ability to transfer heat—of boiler 
gases decreases along the flue-gas path. (The temperatures indicated above are 
approximately those which should be maintained in a horizontally-baffled water 
tube boiler. Brown Instrument Co.) 


Nore.—TEMPERATURE Is REALLY ToerMAL Heap Or PRESSURE.— 
Temperature is to heat what voltage is to electricity. Where there is no 
difference in temperature, there can be no 
flow of heat (O. B. Goldman). Ten iinet 

Exampiy.—fFig. 64 shows the tempera- 
tures which should be maintained for the 
efficient operation of a modern horizontally 
baffled water-tube boiler. 


56. “Cold” Is A Term Used To 
Express A Condition Of Temperature. 
It is often thought of as the opposite 
of heat. But itis not. In fact, cold 
is merely a word used to designate the 
relative condition of a substance when 
it has less than the normal intensity — Fria. 65.—To cool (slightly) 
of heat. Therefore, to render a body Tee eae oe ars 
cold, (Fig. 65) it is merely necessary 
to take some heat away from it—not to add cold to it. In 


general, a “‘cold”’ body is merely one which has a temperature 
4 
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lower than that which is considered as the 
usual, normal, or ordinary temperature. 

57. The Instruments Ordinarily Used For 
Measuring Temperature Are Called Ther- 
mometers (see also Sec. 652 Div. 19).—In its 
simplest form (Fig. 66) a thermometer is a 
hollow glass tube, hermetically sealed at both 
#|Hercury ends, and expanded into a bulb at its lower 
Er end. The bulbis filled with a suitable liquid, 

as mercury, and all airis exhausted from the 
tube before it is sealed. This is to permit 
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Tube | a free expansion of the liquid to the top of the 
a tube. When the bulbis heated the liquid 
2 expands (Sec. 185) and rises in the tube. 
D When the bulb is cooled the liquid contracts 
Bulb | Bs and lowers in the tube. When a proper scale 


re 


Mercury, 18 used in connection with this arrangement, 
‘ the temperature of surrounding materials may 
be accurately determined. Other instruments 
for measuring temperature are further dis- 
cussed in Div. 19. 


Fia. 66.—Mercury 


thermometer. : 
Notrs.—An Harty Tyrer Or THERMOMETER is 


illustrated in Fig. 67. A glass tube, with a large bulb on one end, was 
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Fia,. 67.—Making an air thermometer. 


heated.. The tube was then inverted and the open end inserted in a 
vessel of colored water. In cold weather, the air in the bulb con- 
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tracted. The colored water was thus forced up in the stem by the ex- 
ternal air pressure. In warm weather the water-column was corre- 
spondingly low. By placing a scale beside the tube, it could thereby 
be known when the temperature was high or low. Obviously, this 
thermometer was not suitable for showing temperatures below the 
freezing point of water. 


58. Thermometric Scales Are Series Of Graduated Divi- 
sions (Fig. 68) which are marked 
on the tubes or stems of thermo- 
meters, or upon separate flat sur- 
faces set adjacent to the stems. 


le |= = By means of such scales, the tem- 
[si £05 2 peratures are read directly from 
a S 3 5 . 
AQ lee (3h od the instruments in “degrees”’ (Sec. 
=@= 59). 
peak 59. There Are Three Thermo- 
30 Fea 
= Bs, 
= B25 
mss 
= £s= 
3 sll 230 
100 212 
2 © 
_ 9 94 — 
3 a ia = 
mes 58 
@ 40 
es 50 22 
— 5 49 mS 
is = 
a: ae 6 
= ey 8 © 
10H 00 | ~ 10 ia) 
= SS 
E © 0 32s 
| ° +10 i 
a “118 04 
20 rare 
2s 
B= 
as 
‘ap 
88 
<§ 
Fia. 68.—Thermometer with Fic. 69.—Fahrenheit and Centigrade 
3 scales, scales compared. 


metric Scales In General Use (Fig. 68)—(1) The Fahrenhett 
scale. (2) The Centigrade scale. (3) The Reawmur scale. 
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The Fahrenheit scale is in popular and engineering use in 
English-speaking countries. The Centigrade scale is in 
popular use in most European countries. It is the world- 
wide standard in all scientific usage. The Reaumur scale 
is used principally in Russia. 


Nors.—Tue FaurRENHEIT THERMOMETRIC SCALE (Fig. 69) was in- 
vented by Gabriel Daniel Fahrenheit, of Danzig, Germany, in 1714. 
Fahrenheit assumed that the temperature of a mixture of equal weights 
of snow and sal-ammoniac (ammonium chloride) was the lowest obtain- 
able. Therefore, he accepted this as the zero (0) of temperature. The 
plood-temperature of the human body, as shown by the rise of the mer- 
cury in the column, was then selected as marking another definite point 
in the scale and called—incorrectly, see below—100. ‘The distance be- 
tween these points was divided into 100 equal spaces. Each space was 
called a degree (°) of temperature. According to this scale, water boils 
(under atmospheric pressure) at 212° and freezes at 32°. The scale be- 
tween these temperatures is, therefore, divided into 212 —32 = 180 equal 
spaces or degrees. One degree of temperature, Fahrenheit (1° F.), is 
indicated by 14 go of the expansion of the mercury column of a thermom- 
eter which occurs when the temperature is raised from that of freezing 
water (or melting ice) to that of boiling water. The actual blood tem- 
perature is now known to be 98.6° F. Its non-agreement with Fahren- 
heit’s 100° blood temperature is due to errors in the original experiments. 

Norr.—Tue CEenticgkapE THERMOMETRIC SCALE (Fig. 69), or Celsius 
scale, as it is sometimes called, was invented by the Swedish physicist 
Celsius. The freezing and boiling temperatures of water were taken as 
definite limits of gradation. The height of the column of mercury at the 
freezing temperature was designated the zero-degree point of the scale. 
Also, the height of the mercury column at the temperature at which 
water boils was designated as the 100° point of the scale. The height 
of the mercury column between the freezing point and the boiling point 
was then divided into 100 equal spaces, each called a degree. 


60. The Calibration Of A Centigrade Thermometer (Fig. 70) 
see also Sec. 659, consists in determining the 0°-mark by 
placing the thermometer in melting ice (Fig. 70, 7) and marking 
the height of the mereury column when it is at that tem- 
perature. The thermometer is then placed in steam coming 
from boiling water (Fig. 70, J7). The 100°-mark is placed 
even with top of the mercury when it is at the temperature 
of this steam. The distance between the U°-mark and the 
100°-mark is divided into 100 equal spaces. The rise of the 
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top of the mercury column for a distance equal to one space, 
indicates a temperature rise of one degree Centigrade (1° C.). 
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Fie. 70.—Determining 0 and 100-degree marks on a Centigrade thermometer. 


61. The Absolute Thermometer Scale (Fig. 71) must be 


used in certain calculations concerning 
the thermal action of some substances, 
particularly gases. In order to describe 
this scale it is necessary to consider 
absolute zero (0° abs.) which is the lowest 
temperature theoretically attainable. 
It will be recalled (Sec. 52) that heat is 
a condition of motion of molecules. If 
it were possible to have a substance in 
such a state that the molecules were 
motionless, there certainly would be no 
kinetic heat energy in the substance and 
its temperature would then be the lowest 
possible to obtain. When a perfect gas, 
which is confined in a vessel, at 0° C. is 
cooled 1° C., its pressure is observed to 
decrease 1473 of the pressure at O°. 
Since the pressure exerted by a gas is 
due to bombardment of the walls of the 
containing vessel by the vibrating 
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Tie. 71.—Ordinary and 
absolute thermometer 
scales compared. 
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molecules, it is concluded from the above observation that if 
the temperature were lowered 273° C. below 0° C., there would 
then be no pressure exerted by the molecules. There would 
be absence of all heat. The temperature of a substance at 
this theoretically lowest temperature is assumed to be 0° on 
the absolute scale. The water freezing temperature is, then, 
273° C. abs. (Fig. 71) and the boiling temperature of water is 
at 373° C. On the Fahrenheit scale, absolute zero is 492° 
abs. below the freezing point of water which is 32° F., hence, 
0° F. is equivalent to 460° F. abs. 


Nore.—A Merruop Or Manuracturing A THERMOMETER (Fig. 72) 
follows: A glass tube with capillary opening and a bulb blown at one 
end (J) is filled with mercury. The bulb and contained mercury are 
heated (IJ) to a temperature somewhat higher than that for which the 
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Fia. 72.—Steps in making a thermometer. 


thermometer is to be used. While at this temperature the tube is sealed 
off—closed—(J/T) at its open end. When the tube, bulb, and mercury 
cool, the mercury contracts (JV) and leaves the tube empty in the upper 
portion. Thus, there is a vacuum above the mercury column. 


62. Readings Of One Thermometer Scale May Be Con- 
verted To Equivalent Readings Of Another Scale.— It is often 
necessary in practice to make such conversions. Fig. 68 illus- 
trates a thermometer with three scales, thus it is possible to 
read temperature from it in any one of the three, but usually 
thermometers are graduated for one scale only. Following 
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are facts and rules used for converting readings from one 
scale to another. 


(16) IAC Sg P= 1 82 Fe 
(17) Io kv=3, C= 0.555" C. 


Rute 1.—To Repuce Temperatures As SHown On Tue FAHREN- 
HEIT ScaLtE To THE CENTIGRADE (Fig. 73), find the number of degrees 
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Fig. 73.—Chart showing relation of Fahrenheit to Centigrade degrees. (W.S. Rockwell 
Company.) 


Fahrenheit above the freezing temperature of water and multiply by 54. 
By formula: 
(18) To = 4(Tr — 82) (deg. Cent.) 
Wherein: 7’¢ = degrees on Centigrade scale. Jp = degrees on the. 
Fahrenheit scale. 

Rute 2.—To Repuce Trempnratures As SHown ON Tue CrEnTI- 
GRADE ScaLE To Tue Faureneeit, multiply the numbers of degrees 
Centigrade by 9 and add 32. By formula: 


(19) Tr = %Tc + 32 (deg. Fahr.) 


Wherein 7’'7 and Tg have the same meanings as in For. (18). 
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Notr.—To Convert A THERMOMETER READING To ABSOLUTE SCALE 
Centigrade, add 273 to the Centigrade reading. To convert a Fahren- 
heit reading to absolute temperature Fahrenheit, add 460 to the Fahren- 
heit reading. (The value 460 is not exact but is very nearly so.) These 
rules may be expressed by the following formulas: 


(20) Tr = Tr + 460 (deg. Fahr. abs.) 
(21) To = Tc + 273 (deg. Cent. abs.) 


Wherein: Ty and Tg = the absolute temperatures measured in Fahren- 
heit and Centigrade degrees, respectively. Jr and Tc = respectively, 
the Fahrenheit and Centigrade temperatures. 

Exampuie.—A Fahrenheit thermometer records 180°. What is the 
equivalent Centigrade reading? Sonurion.—By For. (18), Te = 
56(Tr — 32) = 56 X (180 — 32) = 8226° C. 

ExamMpLEp.—A foie thermometer records 51 degrees. What is 
the equivalent Fahrenheit temperature? Soturion.—By For. (19), 
Tr = %Tc + 32 = (9% X 51] + 32 = 12346° F. 

Exampie,—The temperature of a solution (Fig. 74) is 20° C. What 
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Fria. 74.—What is the Fahrenheit temperature’ 


would a Fahrenheit thermometer read in the same solution? Sonutron. 
By For. (19), Tr = %Tc + 82 = [% X 20] +32 = 36 + 32 = 68°F. 

Exampie.—A certain solution solidifies at 9° below zero Fahr, 
(—9°F.). What is the equivalent temperature by a Centigrade thermom- 
eter? Soxturion.—By For. (18), T¢ = 56(Tr — 82) = 56 X (—9 — 82) 
= 56 X (—41) = —2276° C., or 227%° below zero Cent. 

Exampip.—A FanperneUre of 32° F. is equivalent to 32 + 460 = 
"492° F. absolute (abbreviated abs.). A temperature of 550° F. is equiva- 
lent to 550 + 460 = 1,010° F. abs. 


Exampie.—A certain solution at a certain pressure boils at 20° C. 
What is the absolute temperature in 8 degrees Centigrade at which 
the solution boils? Sonurron.—By For. (21), T. = T. + 273 = 
20 + 273 = 293° C. abs. 
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63. Table Showing Temperatures At Which Some Impor- 
tant Phenomena Occur.—The melting and boiling phenomena 
here listed occur at the temperatures shown only when the 
substances are heated at normal atmospheric pressure. 


Temperature Temperature 
Phenomena Sia aan: Phenomena 
Deg | Deg. | Deg Deg 
Cent. | Fahr | Cent. | Yahr 
| | 
3,500 |6,330 | Temp. of electric arc. 288 550} Gunpowder ignites. 
3,500 |6,330 | Carbon vaporizer. 215 420) Tin melts. 
3,000 |5,400 |} Attained by Thermit. 109 228) Sulphur melts. 
2,800 |5,072 | Oxyacetylene flame. 100 212) Water boils. 
2,500 |4,532 | Oxmium melts. 79 174| Alcohol boils. 
2,225 |4,037 | Iridium melts. 65 149) Fusible alloy melts. 
2,231 |4,000 | Bessemer furnace. 61 142} Beeswax melts. 
1,710 |3,080 | Platinum melts. 46 114] Paraffin melts. 
1,530 |2,731 | Wrought iron melts. 44 111) Phosphorous melts. 
1,400 |2,552 | White “‘heat.”’ 36.8 98) Human body in health. 
1,371 2,500 | Steel melts. 17 62) Mean temperature of sea. 
1,200 |2,192 | Orange red ‘‘heat.”’ 0 32| Water freezes. 
1,100 |2,012 | Copper melts —17.7 0| Mixture salt and ice melts. 
1,063 |1,981 | Pure gold melts. — 38.8] —34.3]) Mercury freezes. 
1,050 |1,922 | Cast iron (lowest) melts. —55| —68) Temp. in Arctics. 
| 
| 
970 |1,778 | Silver melts. —70| —94} Balloon (9 miles high). 
700 |1,292 | Dull red “heat.” —118} —180) Ether freezes. 
625 |1,157 | Aluminum melts. —252| —422) Hydrogen boils. 
405 762 | (About) coal ignites. —259| —434) Hydrogen freezes. 
400 752 | Red hot iron visible in || —270| —454| Greatest Artificial ‘‘cold’”’ 
dark. (1908). 
357 674 | Mercury boils —273| —460| Absolute zero. 
316 | 600 | Lead melts. 
| 
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64. Table Showing Equivalent Temperature Readings For 


Fahrenheit And Centigrade Scales. 


Deg. Deg. Deze Der: 


Deg Deg. Deg. Deg. 
Fahr Cent. Fahr. | Cent. || Fahr. | Cent. || Fahr. | Cent. 
—40 —40 95 35 230 110 || 3865 | 185 
—3l —35 104 40 239 115 || 374 | 190 
—22 —30 113 45 248 120 |; 388 195 
—13 —25 122 50 257 125 |) +3892 7) 200 
—4 —20 131 55 266 | 180 401 205 
5 —15 140 60 275 135 410 210 
14 —10 149 65 284 | 140 419 |) 215 
23 — 5 158 70 293 145 428 | 220 
32 0 167 75 302 150 || 48 225 
41 o 176 80 311 155 || 446 | 23 
50 10 185 85 320 160 | 455 235 
59 15 194 90 329 165 464 240 
58 20 2038 95 338 EAN) \) eanysy 5 BG 
Te 25 212 100 347 V7 aie AS2 250 
86 30 221 105 356 180 || 491 255 


Noar wb re 


What is an element? 
. Name some common elements. 

. Of what is the atom composed? 

Are atoms and molecules in contact? 


QUESTIONS ON DIVISION 2 


. What is matter? How may it be recognized? 

. Name ten substances made of matter. 

. Of what is matter made up? Is this the smallest particle of matter? 
How many elements are known? 


What holds them together? 


8. What is the determining feature in the makeup of matter? What determines 
whether a substance is wood or iron? 


9. Do molecules and atoms move? 


How? 


10. How many times larger than a molecule of salt is the smallest particle that is 
visible under a microscope? 


11. What is between atoms and molecules? 
12. Can matter be destroyed? Created? 
18. In what three states is matter found? 


stance in each state. 
14. How do molecules behave in the three states? 
15. Are molecules closer or further apart in a gas than in a solid? 
16. What causes molecules to vibrate? 
17. What is temperature? Is the temperature an indication of the contained heat? 
18. What is cold? 


Why no air? 


Describe briefly the condition of a sub- 


What is heat? 
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19. Is feeling a good way to judge temperature? Why? 

20. How is temperature accurately measured? 

21. Describe the Fahrenheit thermometer scale. The Centigrade. 

22, What is the absolute thermometer scale? Explain. 

23. What relation exists between Fahrenheit degrees and Centigrade degrees? 

24. What is the rule for converting temperature readings on the Fahrenheit scale to 
the Centigrade scale? Vice versa? 

25. How are ordinary thermometer readings reduced to absolute readings? 


PROBLEMS ON DIVISION 2 


1. Mercury boils at a temperature of 357° C. What is the equivalent temperature 
on the Fahrenheit scale? 

2. Frozen ammonia is found to melt at —75.5° C. What is the equivalent tempera- 
ture by a Fahrenheit scale? 

3. Pureiron melts at about 2,750° F. What will a temperature recording instrument 
with a Centigrade scale record when inserted in the newly melted iron? 

4. Hydrogen gas has been liquified at the very low temperature of —396.4° F. 
This is noticed to be near the temperature of absolute zero. What is the temperature 
by the Centigrade system of measuring temperature? 

5. Express the following in absolute temperatures Fanrenheit: 212° F., 460° F., 
—32° F, 

6. Express the following in absolute temperatures Centigrade: 100° C., 0° C., 
—ip. GC. 20°.C. A 


DIVISION 3 


THE SOURCE OF HEAT 


65. Practically All Of The Earth’s Heat Is Derived Either 
Directly Or Indirectly From The Sun.—TIt is this heat that 
insures continuance of all plant and animal life. 


Note.—Tue Heat From Tur Sun Propacates Piuani Lirr Uron 
Tur Hartru.—Eventually. the plants become available tor use as fuel, 
either as coal (Fig. 75) or wood. 
Coal (Fig. 75) is formed from 
deposits of vegetable matter which 
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Fia, 75.—Section of a coal mine. Fia. 76. 


Section of earth showing 
gas and oil wells. 


animal deposits within the earth also results in the formation of 
natural gas and mineral oil (Fig. 76). Such gas and oil are likewise 
available for fuel. The heat of the sun is stored up in these fossil fuels. 
Thus it is made indirectly available for mankind’s use. 

Note.—SMaALuL Power Puants (lig. 77) Have BEEN So ConsrRuUcTED 
As To Draw Tur Herat Necussary For THER OppRAtION From THE 
Sun.—But such plants are of very limited application. The power 
realized therefrom is, ordinarily, practically incommensurable with the 

60 
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relatively great cost and complication of the apparatus required. Also, 
the direct heat of the sun is not constantly available. In some climates, 
long intervals may elapse during which the sun is obscured by clouds. 
Creulating (Expansion 
Pipes-.. , Jan. 
Suns Ros. 
Suen Coll # 


Heat-Insulortin 
CN enkyy 


Hid. 77. Fig. 78. 


Fie. 77.—Pifres sun-power plant. (From Smithsonian Report, 1913.) (The 
mirrors are held in a reflector-shaped-frame unit which can be faced toward the sun. 
A hand wheel is used torotate the unit to sucha position that the sun’s rays will 
fall directly on the mirrors. The rays from the sun then strike the mirrors and are 
reflected onto the boiler which is located in the center or “‘focus.’’ The water in the 
boiler absorbs heat from the sun’s rays and is thereby transformed into steam. The 
steam, thus formed, is used to drive the engine. The exhaust steam from the engine 
is used ina feedwater heater to heat the previously cold water which is pumped into 
the boiler.) 

Fic. 78.—Showing installation for heating water for bathing and washing purposes. 
(Day & Night Solar Heater Co., Los Angeles, Cal.) (The non-freezing liquid, shown in 
black, upon being heated in the sun coil, S, on roof, circulates through the coil, C, inside 
of the storage boiler, thus heating the water. Note that the warmed water, which is to 
be used, does not circulate through the sun coil, S.) 


See also Fig. 78 which shows how the sun’s rays are used directly for 
water heating in California. 


66. Heat Rays From The Sun Cause Evaporation Of Water 
From Oceans, Lakes and Rivers.—The ascending vapors gather 
in the upper strata of the earth’s atmosphere to form clouds. 
Eventually the vapors condense and descend again to earth, 
falling on hill and mountain in the form of rain. The rain 
flows inrivulets to larger streams andrivers. That water which 
falls on the higher parts of the earth’s surface possesses poten- 
tial mechanical energy. This may, with suitable equipment, 
be made available as mechanical or as electrical energy. 
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67. The Source Of Solar Heat has been investigated for 
many years. Several theories in explanation of its origin have 
been advanced. Probably the most satisfactory of these—the 
nebular hypothesis—is as follows: 


EXPLANATION.—It is assumed that the space now occupied by our 
planetary system was originally filled with a nebula. A nebula is believed 
by some to be an extremely tenuous body composed of unorganized 
gaseous matter whirling at an enormous speed around a common vortex 
or center. Others believe a nebula to be made up of planetesmals or 
particles of matter. Portions of this nebula separate from the parent 
mass. They gradually contract and cool during the course of ages. 
Eventually they formed the planets, planetoids, and other celestial bodies 
which comprise our present solar system of spheres—small and large— 
which revolve about the sun. 

Coincidentally, the immense nebulous mass immediately adjacent to 
the vortex, or common center, (though extending thence in all directions 
through many millions of miles of space) was likewise contracting and 
solidifying into a compact body. This body is now known to us as the 
sun. The shrinking or contracting of the various portions of nebula has 
been due to the gravitational or attractive force of the particles which 
comprised the original mass. 


68. The Contraction Of The Sun Converts Potential 
Energy Of Position Into Heat, just as the falling of a stone 
finally converts its potential energy of position into heat. 
It has been calculated that a contraction of the sun’s diameter 
of about 250 ft. per year is sufficient to supply the heat which 
is given off by radiation. At this rate of contraction, 1,000 
years would elapse before the sun would exhibit a sufficient 
alteration of size to be discerned through our telescopes. 
For a more complete discussion of this subject see Abbots’ 
THE SUN. 

69. The Internal Heat Of The Earth Is Virtually Unutilized. 
The presence of this heat is evident from the volcanoes and 
hot springs that exist in certain localities. It is thought that 
the earth’s crust may be 100 miles thick, and that beneath 
this crust the mass of the earth is molten hot. 


Noty.—Tue Eartn’s Interna Heat Is Uritizep To Some Extent 
In Ivaty For Toe Drveropment Or Powrr.—In certain volcanic 
regions powerful jets of superheated steam, of from 10,000 to 40,000 Ib. 
per hr. capacity, and at pressures of from 30 to 75 lb. per sq. in., are 
obtained from borings in the earth. These borings are from about 8 to 
16 in. in diameter and from 300 to 750 ft. deep. They are lined with steel 
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tubes which convey the steam to the earth’s surface where it is utilized 
in steam engines, steam turbines or similar energy-converting equipment. 


70. Mechanical Energy, or Action, Produces Heat.—It 
cannot be said that mechanical action is a source of heat, 
since the heat so produced comes indirectly from the sun. 
Heat is a manifestation of certain mechanical action. Or, 
otherwise stated, mechanical energy may be converted into 
heat energy. Primitive man found that he could start a fire 
(Fig. 79) by rubbing sticks together. The rubbing together 
of pieces of wood causes heat, due to the friction between 
the pieces. The mechanical energy applied by the man is 
transformed into heat energy. The man and the wood are 
dependent upon the sun for existence. Hence, the sun is, 
indirectly the source of the heat generated in the rubbing 
process. 
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Nore.—Tue Form Or Frictionan Hear THat Cuinrry ConcERNS 
Tue Power PLANT OPERATION is that which is manifested in the heating 
of engine and shaft bearings by reason of excessive load or inadequate 
lubrication. 

ExaMPLES.—When an automobile, or a railway car, is stopped by 
applying the brake, considerable heat is developed by friction between 
the brake shoe and the wheel or other revolving element. The applied 
mechanical energy of the braking mechanism is converted into heat 
energy which is dissipated in the surrounding atmosphere. In grinding 
a tool (Fig. 80) on an emery wheel, or grindstone, heat is developed. 


71. Heat Is Developed When The Physical Forms Of 
Bodies Of Matter Are Changed.—If mechanical energy is so 
applied as to change the shape of a body, heat is “generated.” 
Lead becomes hot (Fig. 60) when hammered. The heat so 
manifested is due to percussion. When an iron wire (Fig. 59) 
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is bent continuously back and forth at the same point, it becomes 
hot because of the repeated changing of its shape. When a gas 
is confined in a cylinder (Fig. 34) and is compressed by the 
piston’s forcing it into a smaller space, the gas becomes very 
warm. It may, under certain conditions, become sufficiently 
hot to ignite spontaneously. This heat due to compression is 
noticeable in the action of a bicycle or automobile tire-pump 
and in certain types of gas-engines (Fig. 34). It results from 
the decreasing of the volume occupied by the gas. 

Note.—Heat DrEvELoreD In THE Compression OF A Gas Is TRANS- 
MITTED through the wall of the containing vessel and may be carvied 
away in a current of water or in the surrounding atmosphere. ‘Then re- 
expansion of the gas must be attended by absorption of a quantity of 
heat, from surrounding substances, equal to the quantity of heat so dissi- 
pated. This principle is utilized in the mechanical refrigerating plant. 
An often-observed example of the result of this phenomena is the coating 
of frost which forms on the end of a pneumatic-rock-drill exhaust pipe 
when the drill is in operation. 

72. Heat May Be Derived From Electrical Energy.—That is, 
electrical energy may be transformed directly into heat energy. 
Every conductor which is carrying 
a current of electricity offers resis- 
tance to the current. A current- 
carrying conductor always be- 
comes heated to some degree, even 
though the heating may often be 
practically inappreciable. Such 
heating of a conductor represents 
a loss of electrical energy. This 
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Fia. 81—Heat from electrical energy. Fia. 82.—Heat from electrical 
energy. 


loss is known to the electrician as the J?R-loss, wherein F 


represents the current in amperes and RF the resistance of 
the conductor in ohms. 
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Nots.—Tue Heat Taus Devetorep In Exvecrricat Conpuctors Is 
Mavs Ussrut In Varrous Ways.—Electric-furnaces, welding, car- 
heating, cooking, ironing (Fig. 81) are a few of the methods of utilizing 
electrically-developed heat. The electrical method of room heating (Fig. 
82) offers many conveniences. It is, however, relatively expensive in 
most localities. Electricity, flowing through and heating to incandes- 
cence a metal filament, is now indispensable as a producer of light. 
While producing the light, the electric current also causes the white-hot 
inecandescent-lamp filament to give off heat. 


73. Heat Is Produced by Certain Chemical Reactions. 
That is, when certain chemical processes or reactions occur, 
chemical energy which resided in the substances involved in 
the reaction is transformed into 
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Fie. 83—Combustion of coal—a Fria. 84.—Combustion of gas 
chemical action. heats water. 


Conversely, it is necessary to add heat energy to effect certain 
other chemicai reactions; see Sec. 157 for a further discussion. 
Chemical reaction includes all forms of combustion. And 
combustion—burning—of fuels is the source of heat with which 
the power-plant operator is mainly concerned. The combus- 
tion or burning of coal (Fig. 83), wood, oil or gas (Fig. 84), is 
the chemical action (see Div. 14 on CompusTion) occurring 
between the carbon and hydrogen, contained in the fuel sub- 
stances, and the oxygen of the air. 


Norse. Tue ResprraTiIon Or Animmats Is A Process Or Stow Com- 
BUSTION Or CaemicaL Action. The oxygen breathed into the lungs 
combines with the carbon and other elements in the blood. The result- 
ing chemical action liberates or ‘‘causes’”’ animal heat. 

5 


66 PRACTICAL HEAT [Drv. 3 


74. The Elements Composing Fuel Substances Change 
Their Molecular Form In Uniting With Oxygen.—But nothing 
is lost (Sec. 48). Only the form is changed. This change is 
accompanied by a very violent action of the atoms in forming 
new molecules. It is so violent as to produce or liberate heat 
sufficient to cause the combustible substances to glow with a 
red or white light. This situation is explained more fully in 
Sec. 176. By combustion, the chemical energy (potential 
energy) of the fuel substance is converted into heat energy. 


QUESTIONS OW DIVISION 3 


1. What is mankind’s main source of heat energy? 
2. Why is the direct heat of the sun not commercially available as a source of power? 
3. What is the relation between the sun’s heat energy and the heat derived from the 
conbustion of wood? 
4. What is the origin of natural gas? 
5. How does the sun produce the power which may be realized from a waterfall? 
6. Is the earth solid throughout? Explain. 
1. Is the heat of the earth’s interior available for producing power? 
8. What causes the heating of an engine bearing? Is the heat due to friction in an 
engine bearing of any practical use in heating the room? 
9. How does compression of a gas affect the temperature of the gas? 
10. Name some uses of the heat which is always developed when an electric current 
flows in a conductor, 
11. Explain how heat is developed by the combustion of fuels. 
12. What transformation of energy occurs when coal burns? 


DIVISION 4 
HEAT—ITS MEASUREMENT AND TRANSFORMATIONS 


75. The Amount Or Quantity Of Heat Which Any Portion Of 
Matter Contains is determined by: (1) The weight of the portion 
of matter. (2) The nature of the substance. (8) Its condition, 
whether solid, liquid, or gaseous. (4) Its temperature. (5) 
Its pressure, if the substance is a gas. Therefore, if the condi- 
tion and characteristics, as specified in the five preceding items, 
are known, concerning a body, the quantity 
of heat which it contains can, as will be 
shown, be determined. ( 

76. For Measuring Quantity Of Heat A gemperdiid|: 
Unit Is Necessary—The ancient philos- ~~, 
ophers thought that heat was a fluid. 
Heat does resemble a subtle fluid, in that 
it may be “ poured into” a portion of matter 
to make it warmer, or “drawn out” of the 
body to coolit. Just as the gallon is the 
unit for measuring quantity of water, so 
the British thermal unit (which is defined  f======= 
in the following section) is a unit by which  *~— 
quantity of heat may be measured. But it 
should be remembered that heat is by no 
means a fluid. It is (Sec. 32) kinetic 
molecular energy. 

77. A Unit For Measuring Quantity Of 
Heate (seal new. brtisie | nermale OU Olt 6 eae 
(B.t.u.).—A definition, sufficiently accurate _ arin pe ries 
for practical purposes, is this (Fig. 85)—A  auired to raise 1 Ib of 
British thermal unit is the «mount or quantity “*'* © F 
of heat, required to increase the temperature of 1 lb. of water, 1° F. 
The preceding interpretation is the one which will be assumed 
in this book, unless otherwise specified. 
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Note.—To Derine Tue B.1.u., WitH Screntiric Accuracy, the 
temperature range must be specified definitely. The usually-accepted 
technical definition is: A B.t.u. is the amount of heat required to raise the 
temperature of 1 lb. of water from 62° F. to 63° F. Certain authorities 
specify the lower temperature as 15° C. (59° F.), while others specify 
39.1° F., at which temperature water has its maximum density. Another 
definition states that ‘‘a B.t.u. is {go of the total heat required to raise 
the temperature of 1 lb. of water from the freezing to the boiling point.” 
Due to the fact that experiments show that the heat actually required 
to raise the temperature of water 1° F., varies with the temperature of 
the water, it is essential, in precise laboratory determinations, that the 
unit be defined accurately. But the technicalities introduced in the 
different definitions, given in this note, can be disregarded in practical 
engineering. 

78. The Formula For Computing The Amount Of Heat 

Required To Change The Temperature Of Water A Specified 
Degree Is: 
(22) Q = W(T: — 71) (British thermal units) 
Wherein: Q = amount of heat added or subtracted, in British 
thermal units. W = weight of water,in pounds. J ,and T2 
=respectively, upper and lower temperatures, in degrees 
Fahrenheit. 


Derivation.—Since by definition, 1 B.t.u. will increase the tempera- 
ture of 1 lb. of water 1° F., it is merely necessary, in order to determine 
the heat required to increase the temperature of the water any number 
of degrees Fahrenheit, to multiply the weight of water, under considera- 
tion, by the rise, in temperature which occurs, in degrees Fahrenheit. 
This operation is the one which the formula specifies. 

Exampis.— Hew much heat is required to raise the temperature of 
1 gal. of water ‘vom 75 to 101° F.? Sonurion.—A gallon of water weighs 
8.3 lb. Substituting 19 For. (22): Q = W(T2 — T1) = 8.3(101 — 75) 
= 216 B.t.u. 

79. The Small Calorie {s The Metric Unit Of Quantity Of 
Heat.—The small calorie is used almost exclusively in phys- 
ical-laboratory work, the world over. The small calorie is 
the amount of heat required to raise the temperature of 1 gram 
(1 cubic centimeter) of water 1° C 


(23) 1 B.t.u. = 252 small calories. 
(24) 1 small calorie = 0.004 B.t.u. (approximately) 


Norn.—Tuer KrrogramM Catorip, OR LARGE CaLorin, is one thousand 
times as great as the small calorie. It is used in engineering computa- 
tions in countries which have adopted the metric system. 
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(25) 1 B.t.w. = 0.252 large calorie. 
(26) 1 large calorie = 3.968 B.v.u. 

Nots.—WueErp Hear Quantiry Is Specirizrp In Catortgs, it should 
be designated whether the large calorie or the small calorie is implied. 

Exampie.—How many small calories are equivalent to 615 B.t.u.? 
Sotution.—Now, 1 B.t.u.=252 smal! calories. Therefore, 615 B.t.u. = 
615 X 252 = 154,980 small caiories. 

Examptn.—How many B.t.u. are required to raise 5 kilograms of 
water 5°C intemperature? Sotution.—Itisa fact that: 5 kilograms = 
5,000 grams. Hence, heat required to raise 5,000 grams, 5° C. = gm. X 
deg. Cent. = 5,000 X 5 = 25,000 small calories. Now, 1 small calorie = 
0.004 B.t.u. Therefore, 25,000 cal. = 25,000 X 0.004 = 100 B.é.u. 

80. The First Law Of Thermodynamics is: Heat and 
mechanical energy can be converted one to the other and, when 
thus converted, a definite relationship yee paler. 
always exists. This follows from the 
statements of Secs. 25 and 26. It 
means that heat energy can be trans- 
formed into mechanical energy (Fig. 
86) and, conversely, that mechanical 
energy can be converted to heat Piston-- ~-Cylincler 
energy; it means, further, that for ZA IVZ 
each unit (1 B.t.u., for example) of Ni Vee 
heat energy that is converted into 
mechanical energy, a certain number 
of mechanical-energy units (foot- 
pounds) will be formed, and vice 
versa. Theoriginalnumber of energy 
units of one kind of energy determines 
the number of energy units of the 
other kind that will result from a 


perfect conversion. See following 4. 86.—Heating a confined 
gasina hot-air engine increases 


sections. the volume of the gas and thereby 
81. Since ‘‘Heat And Mechanical converts heat into mechanical 


Energy May Be Converted From “™” 

One To The Other’’ There Must Obviously Be A Mechanical 
Unit Equivalent Of The British Thermal Unit.—The foot- 
pound (Sec. 22) is a unit of mechanical energy. The B.t.u. 
isa unit of heat energy. It follows, therefore, that a B.t.u. 
should be equivalent to a certain definite number of foot- 
pounds. Experiments have proven that it is. 
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82. The Mechanical Equivalent Of Heat, that is, the 
number of foot-pounds in a B.t.u. has been determined and 
verified thousands of times. The principle of the apparatus 
involved is explained below. All of these experiments show 
that for practical engineering purposes. 


(27) VBA = 7178 Jt.-10, 

(28) 1 ft.-lb. = 0.001,28 B.t.u. 

(29) lhp. = 42.42 B.t.u. per min. 
(30) Likp. = 2,545 Bata per hr: 


Norr.—PRrReEcIsE DETERMINATIONS OF THE MecHANICAL EQUIVALENT 
Or Hat by the United States Bureau of Standards indicate that: 
1 B.t.u. = 778.2 ft-lb., when 1 B.t.u. is taken as the heat necessary to 
raise the temperature of 1 lb. of water from 59 to 60° F., and = 777.5 
jt.-lb. when the B.t.u. is measured at 62° F. A B.t.u. is often taken as 
equal to 778 ft.-lb., as stated above. The arrangement used for deter- 
mining the mechanical equivalent of heat (Fig. 87) provides for the meas- 
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Fig. 87.—Apparatus for determining mechanical equivalent of heat. 


uring of the heat energy imparted to a known weight of water, H, by the 
foot-pounds of work done on the water, through the action of submerged 
paddles, P, which are caused to rotate by a falling weight, W. See also 
Figs. 88 and 89 for another arrangement for determining the mechanical 
equivalent of heat. 
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Expianation.—The foot-pounds of work done by W (Fig. 87), in fall- 
ing a distance D is (neglecting friction, which can be rendered insignifi- 
cant) expended solely in stirring the water H. ‘The friction produced 
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Fie. 88—Mechanical equivalent of heat apparatus. (Central Scientific Co.) See 
succeeding illustration. The falling weight does work—expends energy—which heats 


the water in the coptainer. 
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Fia. 89.—Section of friction element of mechanical equivalent apparatus. (This is a 
partial sectional view of the equipment shown in the preceding illustration.) 


thereby raises the temperature of the water. This indicates that heat 
has been imparted to the water. By noting the rise in temperature and 
the weight of water, the amount of heat energy which results from the 
expenditure of the mechanical energy may be calculated readily. 
ExaMPLE.—Water weighing 125 lb. and at 60° F. is held in a container, 
like that of Fig. 87. It is stirred by the paddles which are actuated by a 
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falling weight, which, when the temperature of the water has attained 
63° F., has developed 291,750 ft.-lb., of work. Assuming that all 
exterior friction is negligible, how many foot-pounds does each B.t.u. 
of heat, imparted to the water, represent. Sotution.—Heat absorbed 
by the water, For. (22) = Q = W (T. — T1) = 125 X (63 — 60) = 
125 X 3 = 375 B.t.u. Then the foot-pounds expended per B.t.u. = 
291,750 + 375 = 778 ft.-lb., which is the mechanical equivalent of heat 
as specified above. 

83. The Mechanical Equivalent Of Heat May Be Deter- 
mined Electrically with an apparatus (Fig. 90) whereby the 
electrical energy is expended in a resistor 
which is submerged in a vessel containing 
a known weight of water. The watthours 
energy expenditure can be reduced readily 
to foot-pounds. (It is a fact that: 1 watt- 
hour = 2,655.4 ft.-lb.) Then, knowing the 
initial and final temperatures of the water, 
the mechanical equivalent of heat can be 
determined. 

84. The Second Law Of Thermodynam- 
ics may be stated in many ways; two 
statements of the law are given here: (1) 
Heat has never been known to flow of its own 
accord from a cold to a relatively hotter body. 


Resistance Wire--’ aes - 
Fre. 90-—Electrical (2) It is impossible to obtain work by cool- 


calorimeter for deter- ing any portion of matter below the tem- 


mining heating effect of 


act perature of the coldest of surrounding objects. 


To cause heat to flow from a cold to a 
relatively hotter body (as it does in refrigerating machines) an 
expenditure of energy is required. The consequences of this 
law are of great importance. It will be shown by means of 
this law that heat can never be completely converted into 
mechanical energy—not even under ideal conditions. When- 
ever heat energy is converted into mechanical energy, some 
of the heat must remain in the unconverted state as heat 
energy. The heat which cannot be converted may be con- 
sidered as an unavoidable “loss,” although the heat is not 
actually lost. 


Exampie.—Much of the heat of the steam from a boiler may be 
unavoidably “lost” (Fig. 91) by radiation from the pipes and through 


‘ 
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the exhaust from the engines. But this “lost”? heat raises the tempera- 

ture of the surrounding atmosphere, and is absorbed therein. 
Norn.—Tue Frow Or Heart Is Sminar To Tur Frow OF Water. 

If temperature be thought of as a sort of “head” or vertical distance, 


then certain heat phenomena become —_frergy Available For Useful Works, ¥ 
very clear. Thus, it is known to f:t45" eed 
‘ 2 in Seneg ph 
everyone that water will not, of its Fg! et 
own accord, flow uphill. Statement [3 & : ae 
1) above is very similar. Likewi Be. NS pene 
( ) above is very similar. Likewise, Bre: S Radiation’ 
it may be said that itis,in general, [5 E: /.-° Losses=4% 
impossible to obtain work from a Ba: : Af G77 ipeseni, Ehaese 
stream of water by allowing the water 7: > /, Que To fact That 


AY. * Engine Is N 
to flow to an elevation lower than 7 fe : ee m2 
Heat Flow \¥ 


that of the height of the lowest nearb Y 652% Unavoldable Loss In Exhaust With 
natural stream. ‘This is shown by Fig. Theoretically Perfect Engine 
92. In JI, Fig. 92, the centrifugal Fre. 91.—Diagram showing distribu- 
pump wil be found to require more tion of energy in a non-condensing 
power than is gained by using Arrange- cane aa ns CISA SLES AE 
ment JJ instead of Arrangement J. Pi 
This idea is sim#far to that of statement (2) above. 

Note.—TuHe Seconp Law Or THERMODYNAMICS ContTRADICTS THE 
Possrpiniry Or PerpreTuAL Motion.—If heat could be taken from the 


_ Upstream Lere/ 


Upstream Level 
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Water wheel-, 


Downstream Water 
MGAH 3. 


Small Dar. . : 


T-Utilizing Natural Hydraulic Head weurinaing rare Than Natural Tarantte 

Head And Pumping Water Up To River Level 
Fic. 92.—Illustrating the second law of thermodynamics. The head, Iz, in II is 
greater by the distance /3, than that, li, in Z. But nothing is gained in IT by increasing 
the head by Jz because the water has to be pumped back up again to the “elevation of 
the lowest nearby natural stream” so that it can flow away. In fact arrangement II 
would actually be considerably less efficient than that of I because of the losses in the 
additional piping and in the centrifugal pump P. This pump would have to be 

driven by the water wheel. 


atmosphere, which contains an almost unlimited supply of heat, and 
could be converted into work, then it would be possible to derive mechan~ 
ical energy without the expenditure of chemical energy, as from a fuel. 
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But, as stipulated by the second law—statement (2) above—it is impos- 
sible to obtain work from the atmosphere, or from anything else, by cooling 
it below the temperature of the coldest surrounding objects. Now, the 
temperature of the atmosphere is a sort of sea-level of temperature—tt is 
the temperature to which all bodies either hotter or colder will ultimately 
come if left to themselves. To obtain work from a hydraulic motor 
or waterwheel, there must be a head of water; that is, there must 
be a decrease of altitude down to alower level. Likewise, to obtain work 
from a heat motor, there must be a fall of temperature and this requires 
a source of heat at a temperature higher than atmospheric. Or, using 
the atmosphere as a heat source, there would be required a refrigerator, 
or cooling medium, at a temperature lower than that of the atmosphere. 
The latter alternative is impossible, for there cannot be found in nature 
any portion of matter which is permanently colder than the atmosphere 
and which can be used as arefrigerator. Hence, it is impossible to obtain 
work from the heat in the atmosphere. 


85. The Conversion Of Heat Energy Into Mechanical 
Energy Can Never Be Complete.—Theoretically, it would be 
possible to completely convert heat energy into mechanical 
energy if a substance were found whose temperature ts absolute 
zero (Sec. 61). But since, as stated in the preceding note, no 
substance can be found the temperature of which is perma- 
nently lower than that of the atmosphere, every transformation 
of heat energy into mechanical energy, even though the machine 
is frictionless, will involve a loss due to rejected or degraded heat 
which cannot be transformed into mechanical energy. 


Aw Exampub Or Tuts Degraprep Haar is the heat in the exhaust of a 
steam engine, steam turbine, or internal-combustion engine. ‘This 
degraded heat energy is comparable to the potential energy in the water 
which is discarded by a hydraulic motor or waterwheel—the discarded 
water is still about 3,950 miles from the center of the earth and therefore 
still contains a great amount of potential energy. But this energy cannot 
be utilized in a waterwheel because the waterwheel must discard its 
water into a nearby stream. Hence no waterwheel utilizes, or converts 
into useful mechanical energy, all of the potential energy in its water 
supply. 

86. The Conversion Of Mechanical Energy Into Heat 
Energy Usually Is Complete.—Compare this with the opening 
statement of the preceding section. Ifa brake be applied to a 
turning wheel, all of the mechanical energy (which is consumed 
in overcoming the resistance of the brake) will be transformed 
into heat—which will raise the temperature of the brake, wheel 
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and surrounding objects and air. In fact, the apparatus 
for determining the mechanical equivalent of heat (Figs. 87 
and 88) is based on this principle. This may again, as in the 
preceding section, be likened to the conversion of work into 
potential energy when work is done in lifting water. If 1 lb. 
of water is raised 1 ft. from the surface of the earth, its 
potential energy will be increased by 1 ft.-lb. All of the work 
done on che water adds to its stock of potential energy. 

87. The “Thermal Capacity’? Or “Heat Capacity” Of A 
Substance Is the quantity of heat (number of heat units) that 
under chosen conditions, must be added to or subtracted from 
the substance to change its temperature one degree. In the 
English system, the thermal capacity is the number of British 
thermal units which must be imparted to or abstracted from 
the substance to change its temperature 1° F. The thermal 
capacity of a given substance need not always be the same. It 
depends on thé state (Sec. 49) of the substance and often on 
" many other things. 

Exampies.—lIf a gas be heated in a container of given volume, its 
thermal capacity will be different than if the gas is heated in a container 
where it can expand—as when it forces out a piston; see following Sec. 99. 
For solids and liquids the thermal capacity varies slightly with the 
temperature (Sec. 88) but the variation is so small that, in engineering 
work, it is generally neglected. 


88. The “Specific Heat’? Or ‘Coefficient Of Thermal 
Capacity’? Of A Substance is its thermal capacity (Sec. 87) per 
unit mass. It is the number of British thermal units that must 
be imparted to, or abstracted from, each pound of the substance 
to change the teniperature of the substance 1° F. Just as 
the thermal capacities of different substances depend on the 
conditions under which they are heated or cooled (Sec. 87), 
so do also the specific heats of different substances. Figs. 93 
and 94 show how the specific heats of water, carbon, and iron 
vary with the temperature. The specific heat of a gas may, 
as is explained in Div. 8, have almost any value depending on 
the conditions under which the gas is heated or cooled. 

Nore.—Tue Exacr Derinition Or Spuciric Hnat is: The specific 


heat of a substance, at a given temperature and under given external condi- 
tions, is the ratio of the thermal capacity per unit mass of this substance. at 
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the given temperature and under the given conditions, to the thermal capacity 
per unit mass of water under some chosen standard temperature and external 
conditions. If the chosen temperature and pressure for water are 63.5° F. 
and atmospheric pressure, then the thermal capacity of the water per 
unit mass is 1 and the specific heat of the substance becomes numerically 

0.5 
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Tables.) 


equal to its thermal capacity per unit mass under the given conditions. 
Thus, a specific-heat value is aratio. It merely expresses how much heat 
is required to raise the temperature of any weight of the substance by 1° 
as compared with the heat required to raise the temperature of the same 
weight of water by 1°. 

Norr.—A Sprciric Hpat Vatuz Is Not Proppriy Nor NECESSARILY 
ExpressisLte In Any Crrratn Unir.—There is only one specific-heat 
value for a given substance (See Table 90) and given conditions. This 
value holds regardless of what units of weight, temperature, and heat 
measurement are employed. In this respect, a specific heat value for a 
given substance is similar to a specific-gravity value. 


89. Different Substances Have Different Specific Heats.— 
This truth may be verified by dropping two heated balls, one 
of copper and one of iron, each weighing 1 Ib., and at the same 
temperature, into two vessels, both of which contain the same 
weight of water, at the same temperature. It will be found 
that the water in the vessel in which the iron ball is dropped 
attains the higher temperature. This shows that a pound of 
iron, at a given temperature, contains more heat than a 
pound of copper at the same temperature. 

ExamMpity.—Water has (by definition of the B.t.u., Sec. 77), a specific 
heat of 1.0. It has the greatest specific heat or capacity for heat of any 


common substance. For the specific heats of various substances, see 
Table 90. 
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90. Table Showing Mean Specific Heats Of Substances 
Between The Temperatures Of 32 And 212°F. (These 
values, except those shown for gases, are all at constant atmos- 
pheric pressure.) 


| 
| 
Substance tee Substance Specific heat 
Sours: Purp Merats| |] 
PANU ERIT UTD oe fe cis cies 0.218 Miarbler.cycmasuron currence 0.21 
FATIIIMONY.sc)e1s 4 =.0 8s 0.051 | Parsiiimn wax eneeecenee 0.69 
alciamerenc cee an 0.170 leeborcelainenny nt ie 0.255 
KC ODDers caer ree Gacte 0.093 SE DEX0 Een RRR aay iaenie cg See 0.195 
CONG seer ee oitags aroke 0.031 Wiood)"Ocksnsnace ere: 0.57 
ROT eet aes | 0.110 ie Wioods: Pine sen eer er 0.67 
fe a ree rua 0.031 LiquiIps 
INTGIGL cite aterere anes? 0.108 Acetic AGid is eacscse ate ent 0.51 
Platina sets ce 0.032 Ailcohollaecnmaeetaedterias! 0.70 
VER seems ware nists os 0.056 lb BOnZOL St peters evoraemrntats v.43 
MEDET Seva te eo ca eicne ent 0.055 iit MER GH OTt a Scrspectavarcenkeraiet 0.503 
‘Tungsten... es 7) 0.034 Gasoline yay. saiston nicer 0.70 
BP PANG cee em rie, = Joiclv:ieler’ 0.094 Glycerine.n ve otee oer 0.576 
Souips: Wear Grose ae ntensces e eatin 0.50 
ALLOY* Machine oleae. er wick 0.40 
Bell metas oe Feil) 0086 ll) Wlercuryace ermce aac 0.033 
Brass. yellow ....| 0.088 lsePetrolenmlsssicmierncer 0.033 
Brass. ec eon 0.090 Sulphuric acid.......... 0.498 
Bronze eee | O. 104 I] Luirpentime so )o esc. 0.472 
German jilver...... | 0 095 Wes Warhercs mes Syne Sonn: 7.000 
Nickel steei......... | 0.109 || Morten Merars 
Solder...........--.| 0.04 to .045]| Lead 590°-680°......... 0.041 
Type metal 0.039 Tin 460°-660°........ ; 0.058 
Sorws: Mieco Et-| 
LANEOUS = = a 
Asbestos. . Bat 0.20 
a Constant | Constant 
me Gere pressure | volume 
Carbon, coke.......} UO 203 ee 
Cinders scsa0 1 od e- v.18 
(Bho Aecacae Sree RUNGE! Gasms av 62° I. 
Woncrétenssees. 24 0.27 PAVE Ce Crycioy CDOT ide OC 0.238 0.169 
Conlcreae sean iatal 0450 Oxygen, ...-..+.-0005. 0.217 0.155 
Glass, Normal...... 9.199 Ione, arin Couah ooo ap 0.247 0.176 
Glass, Crown...... =} 0) 16 ELV LOR Os mde sys a ce ecb 3.420 2.440 
Glass, Flint: . 2.22.6. 0.12 Carbon monoxide (CO)..| 0.243 0.172 
(Giese eM oC ave GED 0.195 Carbon dioxide (COz)....)| 0.210 0.160 
iioeea decade keanaDe 0. 504 Sulphur dioxide (SOz)....| 0.154 0.123 
India rubber. sc... 0.27 to 0.48|| Ammonia (NH3)........ 0.523 0.407 
Tameshone sass (ass 0.217 *Steam (average ......| 0.452 0.347 


oe For one condition only Gon also Table 394 
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91. The Formula For Determining The Specific Heat Of A 

Substance On The Basis Of Its Weight And Temperature 
Change follows from the definition of Sec. 88. It is there 
implied that specific heat = B.t.u. per pound per degree tem- 
perature difference. Note, Sec. 93 below, that this applies only 
when there is no change in state. 
(31) C= Wer (specific heat) 
Wherein: C = specific heat of the substance. Q = total heat 
added to the substance, in B.t.u. W = weight of the sub- 
stance, in pounds. 7; = temperature before Q is added, 
in degrees Fahrenheit. ‘J’, = temperature after Q is added, 
in degrees Fahrenheit. 

EXaMPLE.—A certain mixture, weighing 10 lb., requires 7.5 B.t.u. 
to raise its temperature 1° F. What is the specific heat of the mixture? 
SoLuTion.—Substituting, For. (81): C = Q + [W(T2 — T1)} = 7.5 + 
[101] = 0.75 = specific heat of the mixture. 


92. The Formula For Computing The Amount Of Heat 
That Must Be Added To A Substance Of Known Specific 
Heat To Increase Its Temperature A Certain Degree Or The 
Heat Which Must Be Abstracted To Cool A Body A Certain 
Degree (when there is no change in state, Sec. 93 below) 
is obtained by transposing For. (31) thus: 

(32) Q = CW(T2 - T1) (British thermal units) 
Wherein the symbols have the same meanings as specified 
above. 

Exampiy.—The specific heat of a certain grade of coal is known to be 
0.31. How many B.t.u. of heat will be required to raise the temperature 
of 1.5 Ib. of this coal from 61 to 67° F.? SotuTion.—Substituting, in 
For (32): O = CW(?s — 7) = 0.31 < Tb = 61) 22708: eee 

93. The Above Formulas Apply Only Where There Is No 
Change Of State (Sec. 49). This refers to Formulas (31) 
and (32). If heat is added to water under atmospheric pres- 
sure, and at a temperature of 212° F., it will be found that 
many heat units must be added to change the temperature. 
Water changes into steam—changes its state—at 212° F. 
Much additional heat (Sec. 106) is required to effect the 
change. After water vaporizes into steam, its specific heat 
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changes; see Table 90. Also, after water freezes into ice— 
changes from the liquid to the solid state—its specific heat is 
different. In fact, the doctrine just outlined, applies in 
general to all substances, as will be evident from a considera- 
tion of the specific heat values of Table 90. 

94. To Determine The Specific Heats Of Solid Substances, 
The Method Of Mixtures is, ordinarily, the most practicable. 
A special container (Fig. 95) is 
employed to hold the liquid— 
usually water—and the solid while 
they are being mixed. ‘The con- Thermometer-|:|-~" 
tainer is, frequently, nickel plated Insane 
(Sec. 144) or lagged (Fig. 96) with (stirrer : 


Highly Polisheol- “Heort-Insulorting 
Surface Matericil 
Fie. 95.—Simple calorimeter. Fia. 96.—Calorimeter assembled (Central 


Scientific Company). 


heat-insulating material (Sec. 114) to minimize the ingress or 
egress of heat during the determination. Such a container is 
called a calorimeter. Since nearly all heat measurements are 
made in calorimeters, heat measurement is often termed 
calorimetry. The formula employed in computing the specific 
heat—its derivation and an explanation are given below—is: 
CoWo(Tu — To) 
Wil(Tx — Ty) 

Wherein: Cz = the specific heat of the hotter body. We = 
the weight of the cooler body, in any weight unit whatsoever. 
Cc = the specific heat of the cooler body; if water is used for 
the cooler body this specific heat will be “1.” Ty = the 
final temperature of the mixture, in any temperature unit 


(33) Cy = (British thermal units) 
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whatsoever. Jc = the original temperature of the cooler 
body expressed in the same temperature unit as Ty. Wu = 
the weight of the hotter body, expressed in the same weight 
unit as We. Tx = the original temperature of the hotter 
body, expressed in the same temperature unit as T'y. 


DERIVATION.—In the method of mixtures, the cooler body absorbs 
heat and the hotter body looses heat. Obviously, the amount of heat 
gained by the cooler body must equal the amount of heat lost by the 
hotter body. This must be true since the calorimeter is so constructed 
that no heat can enter or leave it during the determination. Also, it is 
an obvious fact that the originally-cooler body and the originally-hotter 
body must finally attain exactly the same temperature in the calorimeter, 
which temperature is herein designated by Ty. Now, from For. (32), 
the heat gained by the cooler body will be: 


(34) Q = CeWe(lmu — Te) (British thermal units) 
Also, from For. (32), the heat lost by the hotter body will be: 
(35) Q = CHWal(Ta — Tu) (British thermal units) 


Since the heat gained by the cooler body, as expressed by For. (34), 
must equal the heat lost by the hotter body, which is expressed by For. 
(35), it follows that: 

(36) CoWo(Tu — Tc) = CxoWa(Tx — Tu) 

Now, assuming that it is desired to solve for the specific heat of the 
hotter body, by transposing For. (86) there results: 

(37) Cz = en ae (specific heat) 
which is the same as For. (33). 

Exampirn.—What is the specific heat of lead? The lead weighs 3 lb. 
The water in the calorimeter (lig. 97) weighs 4 lb. The temperature 
of the lead, before immersing in the water was 210° F. The initial tem- 
perature of the water in the calorimeter was 55° F. The maximum 
temperature of the water-lead mixture in the calorimeter, after adding 
the hot lead, is 58.47° F. Soiurton.—Substituting in For. (83): Cy = 
CoWo(Tu — Tce)/WH(Txu — Tm) = [1 X 4(58.47 — 55)] + [8(210 — 
58.47)] = 18.88 + 454.59 = 0.031. 

ExpLaNnatrion.—It Is Dusrrep (Ira. 97) To DrrERMINE THE SPECIFIC 
Heat Or Lnap. All that are necessary are: (1) Some pure water. (2) 
Lead shot. (3) Two thermometers. (4) Calorimeter. (5) A method of 
heating the lead. First, pour a known weight of water (say 4 Ib.), 
which should be at about room-temperature, into the calorimeter. 
Determine accurately the temperature of this water (say it is 55° F.). 
Now pour the shot into a container, a test tube will do. Then lower the 
test tube and shot (say 3 lb.) into, and permit them to remain in a vessel 
of hot water until the shot become heated to some certain observed 
temperature, say 210° F. 
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Next, the 210° F. shot are poured from the test tube into the water in 
the calorimeter, which should contain a thermometer. The tempera- 
ture of this water will be observed to increase considerably due to the 
heat flowing from the hot shot into 
the water. Note the maximum 
temperature which the water attains 
(say it is 58.47° F.). 

Now, obviously, the temperature 
of the lead has decreased. The tem- 
perature of the water has increased. 
Since the weight of the water in the 
calorimeter and its temperature rise 


 Collorimeters 


are known, the B.t.u. of heat im- EBefore WHR eter 
parted to it by the shot may be com- Mixing Riaing 


puted by applying For. (82). This Fie. 97.—Determining specific heat 
heat in B.t.u. (imparted to the water of lead by the ‘‘method of mixtures.” 
by the shot) must be the same amount 

of heat as that which is given up by the lead. Then, since the tem- 
perature in degrees, the weight, and the amount of heat given by 
the lead to the water are known, the specific heat of the lead may be 
determined, readily, by using For. (32) transposed. Study the follow- 
ing solution, of the example above given, in which it is assumed that 
there are no heat losses to the air or to the calorimeter and its insulating 
material. This solution illustrates another slightly different method of 
calculating specific heat. In a practical problem, the heat-loss items 
would require consideration, if accurate results are essential. 

SoLtution.—By For. (32) the heat imparted to the water = Q =C X 
W(T. —T:) =1X4 (58.47 — 55) = 13.88 B.t.u. Therefore, also the 
heat given up by the lead = 13.88 B.t.u. That is, the heat lost from the 
lead = heat gained by the water. Then, Q = CyWa(Tx — Tm) or 
Cz = Q + [Wa(Tx — Tm)] = 13.88 + [3(210 — 58.47)] = 0.031, which 
is the specific heat of lead, as shown in Table 90. 

95. The Effect Of Mixing Two Or More Different Sub- 
stances Of Unequal Temperatures may be understood from a 
further consideration of the principles which have just been 
presented. Thus, if 10 lb. of water at 20° F. is mixed with 
10 lb. of water at 100° F., obviously, the resulting temperature 
of the mixture will be: (20 + 100) + 2 = 60°F. However, if 
10 lb. of water at 20° F. is mixed with 10 lb. of copper at 
100° F., the temperature after mixing will not be 60° F. The 
resulting temperature can—if there is no change of state, 
Sec. 93, as a result of the mixing—be computed by using this 
formula: 

(38) We W.iCiT, + W.C.7T + W;3C373 +- etc. 
WC, + W.C, + W:C3 + etc. 


(degrees) 
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Wherein: Wi, We, Ws, etc. = respectively, the weights of 
the different substances of the mixture, in any weight unit 
whatsoever providing all are in the same unit. (Cy;, Cz, Cs, ete. 
= respectively, the corresponding specific heats of the differ- 
ent substances. 71, 72, T's, ete. = respectively, the cor- 
responding initial temperatures of the different substances, in 
any temperature unit provided all are in the same unit. 
T =the resulting final temperature of the mixture, in the 
same temperature unit as 71, T2, 7's, etc. 

DERIVATION.—Temperatures as shown by thermometer scales are 
reckoned above an arbitrary datum or “zero.” Now, by definitions: 
The heat in a substance above the arbitrary zero = Weight X Specific 


heat X Temperature above 0°. That is, using symbols, the heat, Q, in 

a substance above 0° may be expressed by: 

(39) Q = WCT (heat) 

or by transposing For. (39), the temperature, 7’, of a substance of known 

weight, W, known specific heat, C, and to which has been added a known 

quantity of heat, Q, will be: 

(40) . = £ Quantity of hess above 0° 
©) Weight < Specific heat 

Now where several different component substances of different specific 

heats and different weights are ‘‘mixed” to form one “substance,” it 

follows that: 

(41) Q = W1iCiT, + W2CoT'2 + W3C37'3 + etc. (heat) 

Furthermore, it also follows that for the same several different sub- 

stances: 

(42) WC = WiC, + W2C2 + W3C3 + etc. (thermal capacity) 

Hence, substituting Fors. (41) and (42) for their equivalents in For. (40), 

there results: 


(43) T= 


(degrees) 


WiCil, + W2C2T2 + W;C;7'; + etc. d 
W.C, + WC, + W;C;3 +- etc. ( egrees) 
which is the same as For. (38). 

Exampie.—lIf 40 lb. of water at a temperature of 160° F. is mixed 
with 21 lb. of water at 52° F., what is the temperature of the mixture? 
It is assumed that no heat is gained or lost by the vessel in which the 
mixing occurs. Sotution.—The specific heat of water is “1.”’ Now 
substitute in For. (38): IU (WiCiT1 + W2CoT'2)/(WiC, + W:C,) = 
[(40 x 1 X 160) + (21 X 1 X 52)] + [(40 X 1) + (21 X 1)] = (6,400 + 
1,092) + (40 + 21) = 7,492 + 61 = 122.82° F. 

Examepiy.—A block of wrought iron which weighs 3.25 lb. is heated to 
a temperature of 780° F. This hot iron block is dropped into a copper 
pan, which weighs 2 lb. and which contains 7.8 lb. of water. Both the 
water and the pan are at a temperature of 80° F. What, assuming no 
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loss or gain of heat to or from outside sources, will be the final tempera- 
ture of the ‘‘mixture’? Sotutton.—Assume the following specific 
heats: Copper = 0.095. Water = 1. Wrought iron = 0.114. Now 
substitute in For. (38): — (W,CiT, + W2Co7'2 + W3C37'3)/(WiC, + 
W:C2 + W3Cs) = [(8.25 X 0.114 X 780) + (2 X 0.095 X 80) + (7.8 X 
1 X 80)] + [(8.25 X 0.114) + (2 X 0.095) + (7.8 X 1)] = 111.0° F. 


Examepie Intustratine How Tur Tremprrature Or A FurRNACE 
May Br DrtrerMINED By Appiyrne Tue ‘ Metuop Or Mrxtures.”’— 
A block of wrought iron which weighs 1 Ib. is placed in a furnace and 
permitted to remain there until it attains the temperature of the furnace. 
It is then removed and placed in a copper bucket which contains exactly 
2 lb. of water at a temperature of 75° F. The copper bucket weighs 
4 lb. The final temperature of the mixture is 156° F. What was the 
temperature of the furnace? (Assume that none of the water is vapor- 
ized into steam and that there is no exterior loss or gain of heat by the 
bucket.) Sonutron.—Use the values for specific heats which are given 
in the preceding example. Now transposing For. (38) for 7, there 
results 7, = [T(W,C; + W2C2 + W;C3) — (W2C2T’2 + W3C37's)]/WiCi. 
Now, substituting the values above given in this formula: 7, = [156 X 
(1 X 0.114 + 0.&X 0.095 + 2 X 1) — (0.5 X 0.095 X 75 +2X1*X 
_ 75)]) + (1 X 0.114) = [156 X (0.114 + 0.048 + 2) — (8.562 + 150)] + 
0.114 = [156 X 2.162 — 153.562] + 0.114 = (837.272 — 153.562] + 
0.114 = 183.71 + 0.114 = 1,613° F., which is the temperature of the 
iron block when it was dropped into the water, and therefore the tem- 
perature of the furnace. 


96. Heat Energy, When Added To A Substance, May Be 
Expended In Three Ways and in only three ways. (The three 
different kinds of heat were already mentioned in Sec. 54, in 
connection with the three possible effects of heat transfer.) 
The heat energy may be expended in doing: (1) Vibration work. 
(2) Disgregation work. (8) External work. All of the heat 
transferred must be expended in one, two, or all three of these 
ways. Likewise, heat energy when abstracted from asubstance 
may be the result of vibration work, disgregation work, or 
external work—any one, two, or all three. Thus, as will be 
shown, the vibration work, disgregation work, and external 
work may be “‘positive”’ or ‘‘negative,”’ depending on whether 
heat energy is added or abstracted and upon the pressure 

conditions during the transfer of heat. In general, the work 
will be positive when heat energy is added and will be negative 
when heat energy is abstracted. These three kinds of work 
are further explained in following sections. 
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Exampie.—(a) Imagine that a piece of ice, the temperature of which is 
—60° F. (60° F. below zero) is warmed by the gradual addition of heat. 
The ice is assumed to be heated in a vessel which is open to the atmos- 
phere. Its temperature will rise gradually up to 32° F. During this 
warming, the volume of the ice is increased but slightly. Hence, little 
external work was done by the expansion of the ice against the external 
atmospheric pressure; also, very little work (disgregation work) was done 
in separating the molecules which composed the ice. Therefore, nearly 
all of the added heat is expended as vibration work to increase the tem- 
perature of the ice. 

(b) When the temperature of the ice reaches 32° F. (due to the gradual 
heating), a change may be noted. The temperature of the ice ceases to 
rise as more heat is imparted to it. It is found, however, that the ice 
gradually changes from the solid to the liquid state—it melts into water; 
the added heat is expended in disgregation work. During the entire melt- 
ing process, the temperature of the mixture of ice and water remains at 
the temperature of 32° F.; no vibration work has been done. During 
this change of state, the volume of the substance has been changed; 
hence, external work has also been done. How the addition of heat 
changes the ‘‘state”’ is explained in Sec. 98. 

(c) After all the ice has been melted, the further addition of heat will 
again increase the temperature of the substance (now water), which 
requires vibration work. The temperature will increase until it reaches 
212° F. During this interval the volume will again increase but little; 
little disgregation work and little external work is done. Hence, nearly all 
of the heat imparted to the water may be said to be expended in vibration 
work in increasing the temperature of the water as in (a). 

(d) When the temperature of the water reaches 212° F. (due to the con- 
tinued gradual heating) another change is noted. The temperature of 
the water ceases to rise as more heat is imparted to it. It is found, how- 
ever, that the water gradually changes from the liquid to the gaseous 
state—it evaporates into steam. If the enclosing vessel is large enough, 
the steam will be collected above the water surface and its volume will 
be found to rapidly increase forcing out the air which previously occupied 
this space. Finally, all of the water will be evaporated into steam whose 
temperature is 212° F. The volume of the steam will be about 1,600 
times that of the water just before evaporation began. Hence, during 
the change from water at 212° F. to steam at 212° F., the heat which 
was added did two things: (1) It, by the expenditure of disgregation work, 
changed the water into steam. (2) It, by doing external work, drove out 
the air from the enclosing vessel. Hence, the heat was effective in chang- 
ing the state of the substance and in doing external work but it did not 
change the temperature of the substance. [Compare with (0).] 

(e) After the water has all been evaporated into steam, a further gradual 
addition of heat will again do vibration work and thereby increase the 
temperature of the substance (now steam). The volume of the steam 
will at the same time increase quite rapidly and by doing external work 
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force out more air from the containing vessel. The molecules of steam 
are separated somewhat so that, in a sense, there is a change of state—an 
expenditure of disgregation work—but this change is not as pronounced 
as those in (b) and (d) above. Hence, the addition of heat to the evapo- 
rated steam is effective in (1) Doing vibration work in increasing its tem- 
perature. (2) Doing disgregation work in changing its state. (8) Doing 
external work. 

(f) After the steam is heated to some very-high temperature, it will again 
be found that further gradual addition of heat will not increase its tem- 
perature. ‘There is still another change of “‘state.’””? Now the atoms of 
which the steam molecules are composed (hydrogen and oxygen atoms) 
will be separated. In other words, the steam will, by the expenditure of 
disgregation work, be dissociaied into hydrogen and oxygen. Hence, the 
change may be called a chemical change. The temperature at which 
this dissociation takes place is, however, so high that it is uncommon in 
heat engineering. Furthermore, the study of dissociation is beyond the 
scope of this book and will not be further treated herein. It is mentioned 
here simply to show that there is change of state which even some gaseous 
substances may undergo when heated. 


97. Vibration Work, symbol Wy, is the work (which can be 
~ measured in foot-pounds but is most conveniently measured in 
B.t.u.) which is done by the vibration heat (Sec. 54). It is 
the work which is done by added vibration heat on the mole- 
cules of a substance in increasing their kinetic energy—vibra- 
tional velocity—and, thus in increasing the temperature of 
the substance. Or similarly it is the work which is done by 
subtracted vibration heat, in decreasing temperature. Thus, 
when the temperature of a substance is decreased, the mole- 
cules of the substance give up a portion of their kinetic energy 
—hence, ‘‘negative” vibration work is done. Vibration heat 
is, therefore, also called temperature heat, thermometer heat, 
and sensible heat (because it is the heat which affects the sense 
of touch). A formula for vibration work may be written thus: 


(44) Wy = 778Qy (foot-pounds) 


Wherein: Wy = the vibration work, in foot-pounds Qy = the 
vibration heat, in B.t.u. 778 = the mechanical equivalent of 
heat (Sec. 82). Wy and Qy are both positive when the tem- 
perature of a substance is raised and are both negative when 
the temperature is decreased. 


Examete.—A gas is confined in a closed vessel (Fig. 98) which is pro- 
tected (insulated) so that no heat can pass through the walls of the vessel. 
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A wire is led into the vessel and an electric current is passed through the 
wire. A transformation of electric energy into heat energy takes place 
and 50 B.t.u. are given to the gas. If the vessel does not permit the 
gas to expand, how much vibration work is done? 
SoLuTIon.—Since the gas cannot expand, the 
heat energy cannot do disgregation work nor ex- 
ternal work. Hence, the entire 50 B.t.u. is ex- 
pended as vibration work. By For. (44): the 
vibration work = Wy = 778Qy = 778 X 50= 
38,900 ft.-lb. 

Exampiye.—As a piece of iron is permitted to 
cool from 600° F. to 80° F., it is found that 250 
B.t.u. are given up by the iron. How much vibra- 
tion work is done? Sotutron.—Since the tem- 
perature has been reduced, Qy and Wy are both 
negative. Hence, Qy = —250 B.t.u. and, by For. 
UM 7, (44): Wy = 778 Qv = 778 X (—250) = —194,500 

Fie. 98.—A gas being ft.-lb. 
heated ina closed vessel) NoTe.—VIBRATION Work OR VIBRATION HBAT 
where it cannot expand. Can Br Directty Msasurep only when the 
cae vibration work is .1bstance which is heated or cooled is so confined 

that it cannot expand or contract, as in the 
preceding example. With most solids and liquids, however, the expan- 
sion or contraction due to heating or cooling is, in any case, so small that 
only a negligible error results by assuming that all heat added or 
abstracted is effective as vibration heat. Hence, for solids and liquids 
when no change of state occurs, it is practically true that heat added = 
vibration heat. For methods of accurately determining vibration heat, 
see Sec. 102. 


lectric Leads-, 


Heat-Insulating Material” 


Heating Coll, 


98. Disgregation Work, symbol Wop, is the work which is 
done by the disgregation heat (Sec. 54). It is the work which 
is done by added heat on the molecules of a substance in over- 
coming their mutual attractive forees—in increasing their 
potential energy by separating them—and, thus, in changing 
the state (Sec. 49) of the substance; this is called “positive” 
disgregation work. When heat is given up by a substance 
during a change of state, this heat is always the result of the 
work done by the molecules of the substance in drawing each 
other closer together—in doing “negative”’ disgregation work. 
A formula for disgregation work follows: 


(45) Wp = 778Qp (foot-pounds) 
Wherein: Wy = the disgregation work, in foot-pounds. Qp 
= the disgregation heat, in B.t.u. 778 = the mechanical 
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equivalent of heat (Sec. 82). Wp and Qp are both positive 
when the state is changed from solid to liquid or liquid to 
gaseous. They are both negative when the state is changed 
from liquid to solid or gaseous to liquid. 


Exampie.—Assume that there was a liquid which did not expand nor 
contract in freezing. (Actually, all liquids do either one or the other.) 
Imagine further that it takes 100 B.t.u. to melt 1 lb. of this substance 
from the solid to the liquid state 
(Fig. 99). How much disgregation Re ee 
work is done in melting 1 lb. of this 
substance? SorutTion.—Since the 
temperature of asubstance does not 
change during the melting, no vibra- 
tion work is done. Also, since the 
substance does not expand or con- 
tract, no external work is done. . 
Hence, the entire 100 Btu, is effec- 1. Meret or I- Metting. 
tive in doing disgregation work. By Begun Finished 
For. (45): the disgregation work = Wp Fia. 99.—Melting 1 Ib. of a substance. 
=778Qp= 778 X 100 = 77,800 ft.-lb. 

Exampie.—How much disgregation work is done in freezing 1 lb. of 
the substance of the preceding example? Soxiution.—During freezing, 
Qp and Wp are both negative. Hence, Qn = —100 B.t.u., and by For. 
(45): Wp = 778Qp = 778 X (—100) = —77,800 ft.-Ib. 

Nore.—Txe DisGreGATION WorK Or Discrecation Hrat Can BE 
Measurep Directiy only if the heated substance does not expand or 
contract during a change of state. In practically all cases, the disgrega- 
tion work or disgregation heat is not measured directly but is computed, 
as will be explained, from other heat measurements. 


99. External Work, symbol Wz, is the work (usually mea- 
sured most conveniently in foot-pounds) which is done by the 
external-work heat (Sec. 54). It is the work done by the 
substance in expanding (Fig. 86) against restricting forces; 
if a body is heated in the atmosphere then the restricting 
forces are those which are imposed on the body by the atmos- 
pheric pressure—the body must push away the atmosphere. 
It thus does “positive” external work. If, however, during a 
heat transfer the volume of the body is decreased, then the 
external forces help to heat the body and “‘negative”’ external 
work is done. A formula for external work follows: 


(46) Wz = 778Q: (foot-pounds) 
Wherein: Wy, = the external work done, in foot-pounds. 
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Q, = the external-work heat, in B.t.u. 778 = the mechani- 
cal equivalent of heat (Sec. 82). Wz and Qz are both positive 
when the volume of the substance is increased; they are both 
negative when the volume is decreased. 


Exampiy.—Assume that a cylinder (Fig. 100) contains 1 cu. ft. of gas 
at a certain temperature and pressure and that the cylinder is fitted with 
apiston. Assume, further, that heat 
is supplied to the gas and the piston 
is permitted to move out of the cylin- 
der at such a rate that the tempera- 
ture of the gas does not change. It 
may here be assumed (it is proved in 
Sec. 258) that for a gas the disgrega- 
tion work is zero. If 10 B.t.u. are 
imparted to the gas, how much ex- 


Piston _Is Withdrawn 
By An External Force~ afl 


y emmperarture 
Remains _ 
Ne Constant = 


“00 0 


mI 


Ws. 10 Bahus 


Con Nded an ternal work does the gas do in push- 
Burner | ing out the piston? SoLuTion.— 
fale er aa , Since the temperature remains con- 
I-Heating ll-Heating stant, no vibration work is done and 
Begins Ends — since, as stated in the example, no 
Fra. 100.—Heating a gas and main. disgregation work is done, all of the 
taining a constant temperature. imparted heat must be external work 


heat. Hence, by For. (46): the external 
work = We = 778Qz = 778 X 10 = 7,780 ft.-lb. 

Norn.—Externaut Work Is (As Furrumr Expiainep In FotLtowina 
Src. 263) Usuauty DrterMinrep From Tur PRESSURE-VOLUME RBELA- 
tions Durina Tue Appition Or Hrat.—lIf the body is subjected to a 
constant pressure during the heating, then (see Sec. 263 for the derivation 
of this formula): 


(47) External work = pressure X change in volume 
Or, expressing the same thing with symbols: 
(48) Wz =P X (V2 — Vi) (ft.-Ib.) 


Wherein: Wz = the external work, in foot-pounds. P = pressure, in 

pounds per square foot. Vz and V, 

= the final and initial volumes, re- = 

spectively, of the body, in cubic feet. Y “Sever Wie 
If, during the heating, the pressure i 

is not constant, then ae! | 

(49) Haxternal work = average pressure o Ss MEEF LER FEEIIE 


xX change in volume (ft.-lb.) 
Or, the external work may be found yg, 101.—An expanding rod may do 
directly from a pressure-volume dia- work. 


gram as explained in Sec. 262. 
Exampiy.—The weight W (lig. 101) weighs 10 1b. The distance, L, 
through which the weight has been lifted by the expansion of the copper 
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rod, is 0.02 in. Therefore, the work done—the energy expended—by the 
external heat which has manifested itself in expanding the rod = 10 X 
0.02 = 0.2 in.-lb. 


100. If The Quantity Of Heat Which Is Transformed Into 
Mechanical Energy By The Expansion Of A Solid Or Liquid 
Were Restrained From Such Transformation, the heat would 
then expend its energy solely in raising the temperature. 
Thus it would manifest itself solely as vibration or sensible 
heat—instead of as external-work heat as in Fig. 101. 


EXPpLANATION.—Imagine an iron rod (Fig. 102) to be encased in a 
massive steel die, and to be heated by an electric current. The rod would 
tend to expand. But expansion 
would be prevented, in all direc- [rompressible - 
tions, by the steel die. Hence, no Again! een | id 
external (mechanical) work could = £*(7i/ty->mussp 
or would be done. No external- 
work heat could be expended. 
But the heat jwhich would be 
transformed into mechanical work, 
if the rod were free to expand, 
would, nevertheless, manifest itself 


Copper 
if fe Concluctors 


as vibration work in raising the Iron Rool-~ 
temperature of the constrained Fia. 102.—Imaginary construction of 
rod. Hence, the temperature of steel dies for preventing expansion of 
this embedded rod would be _ iron rod. 

higher than it would be if the rod were free to expand. 


101. The Fundamental Heat Transfer Equation is merely 
a formula expressing the facts of Sec. 54. It may be written: 


(50) Q=0,+0,4+ 92: (British thermal units) 


Wherein: Q = the total heat transfer, in British thermal units. 
Q, = change in vibration heat, in British thermal units. 
change in disgregation heat, in British thermal units. 
Q; = external-work heat, in British thermal units. 

If the heat effects are to be expressed in foot-pounds it 
follows that, since 1 B.t.u. = 778 jt.-lb. (Sec. 82), the formula 
will become: 


(51) Q= aa(We +Woy+ We) (British thermal units) 


2) 
S 
I 


Exampip.—A certain weight of a certain liquid substance is changed, 
by heating, into a vapor, at an increased temperature. To effect the 
change it is found that: 140 B.t.u. is expended in the external work 
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which is done by the substance, during the process, due to the increased 
volume of the substance; 360 B.t.u. is expended in raising the temperature 
of the substance; 1,800 B.t.u. is expended in changing the state of the 
substance from a liquid to a gas. What total amount of heat must be 
transferred to the substance to effect the change? SonuTion.—Sub- 
stituting in For. (50): Q = Qvy + Qp + Qz = 360 + 1,800 + 140 = 
2,300 B.t.u. = Total heat transferred. 

Exampin.—lIt is found, by experiment, to require 1,150.4 B.t.u. to 
raise the temperature of 1 lb. of water from 32° F. to 212° F. and evapo- 
rate it into steam when all of the heating is done in an open vessel (atmos- 
pheric pressure). The final volume of the evaporated steam is 26.79 cu. 
ft. The initial volume of the water at 32° F. was approximately 0.016 cu. 
ft. What is the vibration heat, disgregation heat, and external-work 
heat? So.tution.—By definition of the British thermal unit, 180 B.t.u. 
are required to raise the temperature from 32° F. to 212° F. By the 
example under Sec. 96, this may be taken as vibration heat. By For. 
(48): We =P X (V2 — Vi) = (14.7 X 144) X (26.79 — 0.016) = 56,650 
ft.-lb. Now, by For. (46), transposed: the external-work heat = Qz = 
W2/778 = 56,650 + 778 = 72.8 B.t.u. Also, by transposing For. (50): 
Qo = Q — (Qv + Qz) = 1,150.5 — (180 + 72.8) = 897.6 B.t.u. = dis- 
gregation heat. 


102. How The Heat Energy Does Work When A Solid 
Body is Heated.—A solid body expands but little; the disgrega- 
tion and external works are therefore small. When the vibra- 
tion work is being considered, the disgregation work and the 
external work may ordinarily be neglected. When a solid 
body is heated, as for example a piece of iron, it is therefore, 
generally assumed that all of the heat is used in raising the 
temperature. Or, when a solid is heated: 


(52) Q = Q, (very nearly) (British thermal units) 


103. How The Heat Energy Does Work When A Solid Is 
Melted To The Liquid State-——During the melting of a solid 
body there is no change in its temperature; hence, no vibration 
work is done during the melting. Furthermore, when a 
body melts there is usually only a very small change in volume 
although some bodies expand and others contract as they melt. 
Hence, very little external work is usually done by the body 
in melting. Nearly all of the added heat is used in doing 
disgregation work—in overcoming the mutual attractive 
forces between the molecules and giving them the freedom 
which they have in the liquid state. Therefore, if the small 
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amount of external work is neglected, all of the added heat 
(the latent heat of melting, Sec. 106) is effective in doing 
disgregation work; or, expressed as a formula: 

(53) Q = Qp (very nearly) (British thermal units) 

Nore.—Waewn A Liqurip Is Hnarep, the conditions are almost the same 
as when a solid is heated—expansion is very small, usually, and the 
disgregation and external works may ordinarily be neglected when the 
vibration work is being considered. Hence, For. (52) applies equally 
well to the heating of solids and liquids. 

104. How The Heat Energy Does Work When A Liquid Is 
Vaporized.—As there is no change in temperature while a 
liquid is being vaporized, no vibration work is done. Now 
during vaporization the volume of the substance is increased 
many fold; therefore a considerable quantity of external work 
is done. However, by far the greater fraction of the latent 
heat of vaporization is used in doing disgregation work—in 
separating the’ molecules against their mutual attractive 
- forces. During vaporization, therefore, 


(54) Q=0,+Q: (British thermal units) 


105. How The Heat Energy Does Work When A Gas Is 
Heated.—In a gas the molecules are so far apart in comparison 
to their own size that the attraction of one for the other is so 
small that it is inappreciable. Hence, practically no work is 
necessary to separate them farther. Therefore the disgrega- 
tion work is zero and the formula becomes: 


(55) Q=0,4+ Q,; (British thermal units) 


Nore.—Tue Revative Macnirupes Or Tue Visration AND Exter- 
NAL-woRK Heats Drpenps ON the conditions under which the gas is 
heated, this is further explained in Div. 8. Suppose that the air in a 
cylinder is being heated (I’ig. 100). The piston may be held in one position 
during the heating; then no external work will be done and Qz will be 
zero (because the air cannot expand and do external work) and all of 
the heat must then go toward raising the temperature. Or, the piston 
may be raised by an external force at such a rate that the temperature 
will decrease, due to expansion, just as fast as it tends to rise due to the 
heating; under such conditions the temperature will remain constant 
(Qy = 0) and all of the heat will be expended in doing external work. 


106. Latent Heat is the heat energy which is required to 
produce changes in the physical state (Sec. 49) of a substance— 
to change it from solid to liquid, from liquid to gas, or the 
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reverse of either. Thus, the change of physical state may be 
either a melting, freezing, vaporization (evaporation), or con- 
densation. During melting and vaporization, heat must be 
supplied to the substance; during freezing and condensation 
heat must be abstracted from it. Furthermore, the amount 
of heat which must be supplied during the melting of a given 
weight of a substance is the same as that which must be 
abstracted while it freezes under the same conditions. The 
amount of latent heat required for melting or freezing is 
called the latent heat of melting or the latent heat of fusion. 
Likewise, during the vaporization of a certain weight of a 
substance the same amount of heat must be supplied as must 
be abstracted from it in condensing it. The amount of heat 
which must be transferred to or from a substance during its 
vaporization or condensation is called the latent heat of vaporiza- 
tion or the latent heat of evaporation. 

Nore.—Tue Latent Heat Is Tom Sum Or THE DisGReGATION AND 
EXTERNAL-worK Hpats.—This follows from the fact that, during a 
change of state (under constant pressure), the temperature of a substance 
does not change. Hence, no vibration heat is necessary to effect the 
change and 
(56) QO, = Qn + Qz (British thermal units) 
Wherein: Q, = the latent heat of the substance, in British thermal units. 
Qp = the disgregation heat during a constant-pressure change of state, 
in British thermal units. Qz = the external-work heat during the 
constant-pressure change of state, in British thermal units. 

EXPLANATION.—Suppose a solid substance, as an ingot of lead, is 
heated until its temperature rises exactly to the melting point. The 
heat absorbed by the substance up to this point increases the motion of 
the molecules and is ealled (Sec. 54) vibration or sensible heat. 

Now, if more heat be added to the ingot, it will instantly begin to melt. 
But its temperature will not rise. ‘The heat energy which is now absorbed 
by the ingot is expended entirely in the work of melting—in transforming 
the molecular structure from the solid to the liquid state. It is disgrega- 
tion heat. None of the heat is available for raising the temperature 
while the work of melting is going on—it is all used in separating the 
molecules. Hence the temperature will continue constant until the ingot 
is wholly melted. But at the exact instant when the melting is complete, 
the temperature of the molten lead will, if the heating still continues, 
begin to rise. The heat which was absorbed by the lead while its tem- 
perature remained stationary is its latent heat of melting. The latent 
heat of melting is further explained in Sec. 289 and the latent heat of 
vaporization in Sec. 322. 
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ExampLe.—What is the latent heat of vaporization of 1 lb. of water at 
atmospheric pressure? Sotutron.—By the example under Sec. 101, 
Qp = 897.6 Btu. and Qz = 72.8 B.tu. Hence, by For. (56): the 
latent heat = Q, = Qv + Qz = 897.6 + 72.8 = 970.4 B.tu. 

Nors.—Latent Heat May Exist Wirain A Hratep SUBSTANCE, 
Even WHEN Tuere Is No Ourwarp Manirestation Or A PuysicaL 
CHANGE in the substance. The latent heat present in such cases will not, 
however, manifest itself until a change in state occurs. Thus, water at 
ordinary atmospheric temperatures contains its latent heat of melting 
but this latent heat does not manifest itself (show its presence) until the 
water is cooled to the freezing point and begins to solidify or freeze. 


107. “Internal Heat” Or “Intrinsic Heat’ is the heat 
energy which is expended in doing work on the molecules 
both in increasing their vibrational velocity—kinetic heat 
energy—and in separating them against their forces of mutual 
attraction—increasing their potential heat energy (Sec. 52). 
It is the heat inside the substance. It does not include the 
heat energy which is expended in separating the molecules 
against external forces—in doing external work. Hence, 
during any heat transfer toor from a substance, the change in 
internal heat: 

(52) QQ, = Qr+ QO (British thermal units) 
(58) Q=0,4+Q:2 (British thermal units) 
Wherein: Q; = the change in internal heat, in British thermal 
units. Qy, = the change in vibration heat, in British thermal 
units. Qp = the change in disgregation heat, in British thermal 
units. Q = the total heat transfer, in British thermal units. 
Q; = the change in external-work heat, in British thermal units. 

EXAMPLE.—How much internal heat is expended in changing 1 |b. of 
water from the liquid state at 32° F. to the steam state at 212° F.? 
SoLution.—By the example under Sec. 101, Qy = 180 B.t.u. and Qp = 
897.6 B.t.u. Hence, by For. (57): the change in internal heat = Qr = 
Qv + Qp = 180 + 897.6 = 1,077.6 B.t.u. 

108. The Total Heat Of A Substance, or as it is often termed, 
the total associated heat, is, strictly speaking, the total heat 
energy, in the substance above the absolute zero of tempera- 
ture. Actually, in practice, ‘‘total heat”’ is, unless otherwise 
specified, taken to mean the total heat in the substance above 
some arbitrarily-chosen convement reference temperature. 


Norre.—With present; means for making heat determinations it is 
impossible to definitely compute the total-heat contents of substances 
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from absolute zero. Hence, it is necessary to regard some convenient 
degree of temperature and state as the ‘‘zero,” datum point or basis for 
heat computations. In dealing with water and steam, the heat energy of 
water (in liquid form) at 32° F. is generally taken as the arbitrary zero of 
heat energy (see also Sec. 365). This procedure works no hardship since 
we are usually, in practice, interested in the amount of heat which is 
transferred to or from a substance, rather than in the total amount of 
heat which it contains above absolute zero. 

ExaMPLe.—What is the total heat of 1 lb. of water at 100° F? at 
212° F.? Of 1 lb. of steam at 212° F.? Sonution.—Bv Fcr. (32), for 
water heated from 32° F. (the datum point) to 100° F., the total heat = 
Q = CW(T: — T:) = 1 X 1 X (100 — 32) = 68 Bit.u. Likewise, for 
water at 212° F., the total heat = 1 X 1 X (212 — 32) = 180 B.t.u. As 
given in the example under Sec. 101, for steam at 212° F., the total heat = 
1,150.4 B.t.u. 


QUESTIONS ON DIVISION 4 


1. What properties of a substance determine the amount of heat energy that the 
substance contains? 

2. What was the ancient philosophers’ theory of the nature of heat? 

8. What is the unit that is used in English-speaking countries for measuring quanti- 
ties of heat? Give its definition. 

4. Give the formula for computing the quantity of heat necessary for raising the 
temperature of water by a specified amount. 

5. What is a small calorie? A large calorie? Mow are they related in size to the 
British thermal unit? 

6. State the first law of thermodynamics. Isa British thermal unit the equivalent 
of any certain number of foot-pounds? Ifso, what is the number and what is it called? 

7. Draw a sketch of the apparatus and explain how the mechanica! equivalent of the 
British thermal unit is determined. Do the same for an electrical method. 

8. State the second law of thermodynamics. What is the most important conse- 
quence of this law? 

9. Can you give a hydraulic interpretation of the second law? 

10. Can the conversion of heat energy into mechanical energy ever be complete? 
Explain fully and give a hydraulic analogy. 

11. Is the conversion of mechanical energy into heat energy ever complete? Give 
an example and a hydraulic analogy. 

12. What is meant by the thermal capacity of a substance? Is it always the same 
for a given substance? Give examples. 

13. What is meant by the specific heat of a substance? How does it differ from 
chermal capacity? What is another name for the specific heat? 

14. Have all substances the same specific heat? Explain as fully as you can and give 
some numerical values. 

15. How can the specific heat of a substance be determined? Give the formula. 

16. How would you determine how much heat must be added to a substance of 
known specific heat in order to raise its temperature a given amount? Give the formula. 

17. Draw a sketch and describe the method of finding the specific heat of a substance 
by the method of mixtures. 

18. In what three ways may heat energy, when added to a substance, be expended? 
Explain the effects of the heat energy that is added in raising the temperature of ice 
from below the freezing temperature to a very high temperature. 

19. What is meant by vibration work? What is the heat called that is effective in 
doing vibration work? Give an example of vibration work and give theformula. When 
nd how is it measured directly? 
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20. What is meant by disgregation work? The heat which does disgregation work is 
how termed? Give an example of heat doing disgregation work. Give the formula, 
How is disgregation work measured? 

21. What is meant by external work? The heat which does external work is how 
termed? Give the formula for external work. How is it generally measured? Give 
an example of heat doing external work. 

22. State the fundaiuental heat-transfer equation. Upon what is it based? Give 
an example of its application. 

23. How does heat energy do work when a solid body is heated? Explain. 

24. How does heat energy do work when a solid is melted? Explain. 

25. How does heat energy do work when a liquid is heated? Explain. 

26. How does heat energy do work when a liquid is vaporized? Explain. 

27. How does heat energy do work when a gas is heated? Explain. What are the 
relative magnitudes of the two kinds of work? 

28. What is the meaning of the term latent heat? Latent heat of melting? Of fusion? 
Of vaporization? What two kinds of work are done by the latent heat? 

29. What is the meaning of internal heat? What is another name forit? What two 
kinds of work are done by the internal heat? 

30. What is meant by the total heat of a substance? Why is the total heat not usu- 
ally used in engineering calculations? What is used instead? 


PROBLEMS ON DIVISION 4 


1. A bucket confaining water is placed over a fire for heating. The temperature of 
the water is 55° F. Its weight is351lb. How much heat must be added to it to raise its 
temperature to the boiling point which is 212° F.? 

2. What would be the temperature of 8 lb. of water which had an original tempera- 
ture of 60° F , after 265 B.t.u. of heat has been added to it? 

3. A boiler in a heating system is known to be 50 per cent. efficient. The boiler is 
refilled with water at a temperature of 65° F. After burning the coal which liberates 
50,000 B.t.u., the water has a temperature of 210° F. What is the weight of the water 
in the boiler? 

4, After a certain time, the temperature of 15 liters of water, contained in a closed 
vessel, is found to be decreased 35° C. How many large calories of heat have been lost? 
How many B.t.u.? (A liter of water weighs one kilogram.) 

5, In a certain power plant, it is found by test that an engine is delivering, as avail- 
able work, 12 per cent. of the heat in the coal which 18 burned If 17 lb. of coal are 
burned in one hour, what is the amount of energy delivered by the engine per hour? 
What horsepower is the engine delivering? (Assume that the coal contains 14,000 
B.t.u. per Ib.) 

6. In a specific-heat determination, 8.75 B.t.u. are added to 4.5 lb. of nickel. Itis 
found that the nickel temperature increases from 65 to 83° F. What is the specific heat 
of the nickel? 

7. A soft-steel plate which weighs 75 lb. is heated from 80 to 1500° F. Assuming 
that the mean specific heat of the steel is 0.115, how many B.t.u. are necessary to effect 
this increase in temperature? 

8. Assuming that the specific heat of cast iron is 0.119, how many foot-pounds of 
energy are required to heat a 125-lb. iron casting from 40 to 180° F.? 

9. In a certain boiler furnace, it is known that for each pound of coal burned, 30 
lb. of air are supplied. This air must be heated from 65° F., and passes up the stack 
at a temperature of 565° F. Assuming that the specific heat of air for this temperature 
range is 0.24, calculate the B.t.u. necessary to heat the air for each pound of coal which 
is burned. 

10. A 6-lb. iron casting has been heated in a furnace to a temperature of 2,300° F. 
It is dropped into a bucket which contains 5 gal. of water at 50° F. What will be the 
temperature of the water in the bucket? (Assume that the specific heat of the iron is 
0.119 and that 1 cal. of water weighs 8.3 lb.) 


96 PRACTICAL HHAT [Drv. 4 


11. If 16 lb. of water at 40° F. is mixed with 10 lb. of water at 110° F., what will be 
the temperature of the resulting mixture? 

12. A 12-lb. iron ball is heated to a temperature of 212° F. It is then dropped into 
8 lb. of water at 35° F. The water temperature rises to 60° F. Compute the specific 
heat of the iron. 

13. In Prob. 1, how much vibration work, in foot-pounds, is done? 

14. Ifit takes 10.5 B.t.u. to melt 1 1b. of lead at its melting point of 626° F., how much 
disgregation work, in foot-pounds, is done on each pound of lead during the melting 
process? 

15. Water, when under a pressure of 100 lb. per sq.\in. abs., boils at 327.8° F. and, 
at that temperature, 1 lb. occupies a volume of 0.0177 cu. ft. When evaporated into 
steam at the same pressure and temperature, it occupies 4.429 cu. ft. How much 
external work is done in the vaporization process? 

16. If, when water is evaporated under a pressure of 100 lb. per sq. in. abs. (as in 
Prob 15), 806.6 B.t.u. of disgregation heat are required, what is the latent heat of 
vaporization? 

17. How much vibration heat is required to raise the temperature of 1 lb. of water 
from 32° F. to 327.8° F. if the specific heat of the water is 1? 

18. Using the results of preceding problems, compute how much more internal energy 
there is in 1 lb. of steam at 100 Ib. per sq. in. abs. than in 1 lb. of water at 32° F. 

19. Using the results of preceding problems, compute the total heat of 1 lb. of steam 
at 100 Ib. per sq. in. abs. 


DIVISION 5 


TRANSFER OF HEAT 


109. Heat May Be Transferred.—If one end of a copper 
wire is heated, some of the heat will travel through the wire. 
Shortly the other end will be hot. Heated air, from the 
furnace in the basement of a dwelling, flows (Sec. 137) through 
ducts and registers into the rooms above and produces an 
agreeable warmth on wintry days. In cold weather the house 
cat curls up in front of the open fireplace in order to feel the 
heat which emanates from the fire. 

110. Heat Is Transferred In Three Different Ways.—(1) 
By conductior? (2) By convection. (8) By radiation. Heat 
transfer from one body to another may occur simultaneously 
by one, two, or all three of these methods. 

111. Heat Conduction Is Transfer Of Heat Through The 
Molecules Of A Substance.—Heat has been shown (Sec. 52) 
to be a vibratory motion of the molecules. When heat is 
added to any part of a body, as to one end of a copper bar, the 
molecules in that part vibrate more rapidly. This causes 
them to strike violently against the molecules in the cooler 
part immediately adjacent. The rapidity of the vibration 
among the molecules in this part is thereby also increased, and 
the part becomes heated. These molecules, in turn, strike 
violently against the molecules in the cooler part next farther 
away from where the heat is added initially. Thus, by suc- 
cessively transmitting the increased speed of vibration, the 
molecules conduct the heat to remote parts of the body, as to 
the opposite end of the copper bar. 

Note.—Conpuction Or Hat Occurs Morn Or Less In Ati 
SussTaNnces.—In no case, however, will conduction cause that part of a 
body (A, Fig. 103) which is farthest from the source of heat, H, to acquire 
as high a temperature as the part, B, which receives the heat directly. In 
fact (Sec. 55) there must be a temperature difference—or thermal pres- 
sure—between one point and another point, to which heat is conducted, to 


effect the conduction. 
7 97 
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112. There Are Two Modes Or Forms Of Conduction.— 
(1) Internal conduction, whereby heat is transmitted from 
molecule to molecule within a body. (2) Haternal conduction, 
whereby heat is transmitted from the molecules of one body 
to the molecules of another body, when the two bodies are in 
contact. 

ExaMpLes.—When the entwined ends of the metal rods (B, Fig. 103) 
are heated by the flame, H, the free ends A and A of the rods, due to 
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Fig. 103.—The copper wire, which is a good conductor, transmits the heat more rapidly 
than does the steel wire. 


internal conduction, likewise become heated. As the metal rods (Fig. 
103) become heated, some of the heat is absorbed, due to external con- 
duction, by the bits of wax which bond the lead balls to the rods. This 
causes the wax to melt. thus releasing the lead balls. 

The iron boiler tube (Fig. 104) absorbs heat from the hot gases. The 
heat flows, due to internal conduction, from the outer to the inner 
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Fig. 104.—Heat conducted through the boiler tube from the hot gases to the water. 


surface of the tube. It passes thence, due to external conduction, to 
the water which is in contact with the tube. 

113. The Factors Which Determine The Total Transfer Of 
Heat By Conduction through a substance are these: (1) The 
nature of the substance. (2) Its cross-sectional area. (3) The 
thermal pressure or temperature difference. (4) The length of 
time during which the flow occurs. (5) The length of the heat 
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path through the substance. Each of these factors is discussed 
further in succeeding sections. 

114. The Nature Of A Substance Affects Its Ability To 
Conduct Heat.—That is, the molecules of some substances 
transmit the heat-energy motion, from one to another, more 
effectively than do the molecules of certain other substances. 


xampLEs.—Metals are good heat conductors. Liquids (Fig. 105) 
are poor conductors. Air (Figs. 106 and 107) and other gases are very 
poor conductors. A perfect vacuum would 
not conduct at all because there would be 
no molecules in it to transmit the heat- 
energy motion. Some solids, such as wood 
and cork are poor conductors. Wooden 
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Fie. 105.—Showing that water is a poor conductor of heat. (Although the water 
film at the surface is boiling, all four thermometers 71, 7'x, 73 and 74 read practically the 


same temperature. ) 
Fic. 106.—Sectional elevation of typical ‘‘thermos”’ flask. 


heat insulators (ig. 108) are sometimes interposed in metallic tea-pot 
handles to prevent the hand-hold from becoming unduly heated. Cork 
linings and dead-air spaces are arranged in cold-storage-room walls (see 
See. 619) to minimize the loss of heat through them. 

Notre.—Arr Is An Important Hear Insuratine Matertau.—Any 
material or structure. which is composed largely of pockets of non- 
circulating air, provides good heat insulation. Hence, feathers, fur, felt, 
cork, magnesia and cellular asbestos are all good heat insulators. Like- 
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wise a blanket of freshly fallen snow protects both the vegetation and the 
ground upon which it falls from freezing. 

Notrn.—Tup Firetess Cooker (Fig. 109) provides a good example of 
the utilization of the poor heat-conducting properties of certain materials. 
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Fic. 107.—Some thermos bottles and containers. (See preceding illustration. The 
dead air space is a very poor heat conductor. The vacuum chamber is almost opaque 
to heat flow. The mirrored surfaces minimize heat radiation.) 
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Fia. 108.—Heat “insulators” in metallic tea-pot handle. 

Fria. 109.—A fireless cooker—food in cannister V, is heated on a stove to cooking 
temperature. Disc, S, is likewise heated toa relatively high temperature. Sand V are 
then inserted in cooker. Lid Z is closed and clamped. Insulation minimizes loss of 
heat. Heat retained in cooking shell, C, is absorbed by the food. Thus the food is 
cooked to completion without further attention or heating. 


115. The Amount Of Heat Which Will Be Transmitted 
Through Substances By Conduction Varies Directly As Their 
Cross-sectional Areas, other conditions being the same. 


The area is always taken at right angles to the direction of 
heat flow. 
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Exampie.—A certain copper rod having a cross-sectional area of 
2 sq. in. conducts 13 B.t.u. of heat in a minute. Then, other conditions 
remaining unchanged, a similar copper rod but of 4 sq. in. sectional 
area would conduct: 2 X 13 = 26 B.t.u. in a minute—twice the sectional 
area, hence twice the conduction. 


116. Heat-flow By Conduction Between Two Points In A 
Substance Varies Directly As The Thermal Pressure, Which 


Is The Temperature Difference, Between Them, other condi- 
tions being the same. Just as there must be a difference of 
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Fic. 110.—Difference of pressure causes water to flow through pipe line. (Drop of 
pressure from A to Z# is indicated by decreasing hcights of fountains. The drop of 
pressure is caused by friction.) 
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Fic. 111.—Difference in temperature causes heat to flow throughiron bar. (Drop of 
temperature from A to E is indicated by decreasing heights of thermometer mercury 
columns. The drop in temperature is due to thermal resistance. In the above dia- 
gram it is assumed that no heat is lost from AH by radiation. Allis conducted from the 
flame through and past E to a colder body.) 
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hydraulic pressure (Fig. 110) to cause water to flow in a pipe 
and a difference of electric pressure (voltage) to force electric- 
ity to flow in a wire, so there must be a difference of thermal 
pressure—or temperature—to cause heat (Fig. 111) to flow in 
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a substance. The flow is always from a point of higher to one 
of lower temperature. 

Exampie.—Assume that, in Fig. 111, the temperature at B is 85° F, 
and that at C is 80° F. Then, the heat flow from A to B would be pro- 
portional to: 85 — 80 = 5° F. = thermal pressure = temperature differ- 
ence. Suppose that, with this thermal pressure of 5° F., the heat flow 
from B to C is 50 B.t.u. per min. Now, if the temperature at B were 
increased to 90° and that at C remained at 80°, the thermal pressure would 
then be 90 — 80 = 10°. Hence, with the thermal pressure thus doubled, 
the heat flow would also be doubled and would now be: 2 X 50 = 
100 B.t.u. per min. 

117. Heat-flow By Conduction Between Two Points In A 
Substance Varies Directly As The Length Of Time During 
Which The Flow Occurs, other conditions being the same. 
The greater the elapsed time the greater will be the total 
amount of heat which is transferred. 

ExampLe.—lIf 40,000 B.t.u. flow from the outside to the inside of a 
cold-storage chamber in 1 hr., then, in 2 hr. twice the heat or, 2 X 
40,000 = 80,000 B.t.w. will be transferred, it bemg assumed that tem- 
perature and all other conditions are the same in both eases. 


118. Heat-flow By Conduction Between Two Points In A 
Substance Varies Inversely As The Length Or Distance 
Between The Points, other conditions being the same. 
The ideal condition, of no loss of heat from the substance by 
either radiation or convection, is here assumed. The greater 
the distance the less will be the flow, other conditions being 
equal. 

Examreue.—lIf in Fig. 111 with a temperature difference of 10° F. 
between A and C, the heat flow between A and C is 600 B.t.u. per min., 
then between A and LH, which is twice the distance a 10° difference would 
force only 600 + 2 = 3800 B.t.u. per min. 

119. ‘‘Thermal Conductance” is a term used to signify the 
ease or readiness with which a substance conducts heat. 
Conductance is, in a sense, the opposite (actually it is the 
reciprocal) of thermal resistance, which is defined in Sec. 129. 
The greater the conductance of a substance the more readily 
will it transfer heat by conduction. All substances do not 
conduct heat with equal facility. 


Exampures.—The conductance of some substances, as silver (see Table 
125) is very high. That of others, as asbestos, is very low. The former 
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are called good heat conductors. The latter are called poor heat conductors 
or heat insulators. The copper rod of Fig. 103 is a good conductor. The 
steel rod is, by comparison, a poor conductor. Therefore, the heat travels 


Copper Wire Gauze-, 


Fie, 112.—Gas burning below a Fie. 113—Gas burning above 
copper-wire-gauze screen. The gauze iron-wire gauze. 
conducts the heat away from the 
flame, thus extinguishing the flame 
before it can pass through the gauze. 


Glass. 
Globe } 


Wick 


f g Oil 
rey Fount tt clanny 
Fie. 114—Wire gauze prevents the Fig. 115.—Miners’ safety lamps of 
hot flame from touching the glass. It primitive Davy and Clanny types. 


distributes the heat, hence the glass 
flask does not break. 


more rapidly through the copper than through the steel. This is indi- 
cated by the melting of the gobs of wax on the copper rod before the 
melting of the wax on the steel rod occurs. 

ExampLe.—The copper-wire-gauze screen of Fig. 112 has high thermal 
conductance. Therefore the heat, which is absorbed by the central area 
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which is directly in contact with the flame, passes rapidly outward, 
through the surrounding area, to the edges of the screen. Hence, the 
central area does not retain sufficient heat to ignite the gas which pene- 
trates above the screen. An iron-wire-gauze screen (Fig. 113) has, by 
comparison with the copper screen of Fig. 112, poor conductance. It 
follows that the heat absorbed by its area which is in contact with the 
flame is transmitted but slowly through the surrounding area. 


Hence, 
the central area retains sufficient heat 
to quickly ignite the gas which penetrates sail er Iron ee 
above the screen. Hood \\SSse— Bonnet 
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Fie. 116.—Sectional elevation of Davy lamp. 


Fie. 117.—Recent bonneted pat- 
(Bureau of Mines Circular No. 12.) 


tern of Clanny-typelamp. (Bureau 
of Mines Circular No. 12.) 


Exampirs.—Due to its high conductance, the copper sereen (Fig. 114) 
distributes the heat of the gas flame over a comparatively large area 
beneath the glass flask. Cracking of the glass, by concentration of the 
heat is, thereby, prevented. Due to the high heat conductance (Fig. 
112) of the metal of which they are made, the wire-gauze screens (Figs. 
115, 116 and 117) which surround the flames in miners’ lamps prevent 
ignition of explosive gases in mines. 

Note.—TuprmMat Conpuctanch In Heat Firow Is Sommwuat 
Anatogous To ExnmcrricaAL Conpuctance In Execrriciry FLrow.—In 
fact it is generally true that substances which are good conductors of 
electricity are also good conductors of heat. 

Notr.—Ir Tar Natrurp Or A Susstancn Is Suce THat Tum VIBRA- 
tory Morton Or Tum Mouecurtes In THat Part Or A SussTancr 
Waica Is At Tue Hicuer Tempprature, Is TRANSMiIrreD WiTH GREAT 
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Raprpiry to the molecules in the cooler portions, then the conductance 
of the substance is high. But if the transmission proceeds sluggishly, 
then the conductance is low. 


120. A Unit Of Thermal Conductance Is The “Moht” 
(pronounced, mote). A body has a conductance of 1 moht 
when a thermal pressure—or a temperature difference—of 
1° F. will force through it by conduction 1 B.t.u. per hr. The 
moht is somewhat analogous to the Peete 
“‘mho,”’ which is the unit of elec- Dirterence,|t 
trical conductance. In following =a 
sections it is explained how the 
conductance, in mohts, of a given 
volume of a given material may be 
computed. 


Norse.—‘“ Mout” Is Mrrety “THom”’ 
St = a3 “Lee Sees gies V7 
SPELLED Backw ARDS. The thom’ is Sp Ear aa 
a unit of thermal resistance as is explained (1B.tu Flows per Hour) 


in Sec. 132. Since conductance is the Fie. 118.—Ilustrating the “moht.” 
“ reciprocal—or in a sense the opposite— 
of resistance, the derivation of the terminology is apparent. 

EXxAaMpPLe.—In Fig. 118 the conductance of the material between 
planes A and B is just 1 moht because it permits just 1 B.t.u. of heat 
energy to flow per hour with the thermal pressure of 1° F. This satisfies 
the definition of the moht. 

Exampin.—Fig. 119 shows some values of conductance of a square- 
foot-inch (1 in. thick and 1 ft. square) of some common substances. Fig. 
120 shows similar values for an inch-cube. These data are taken directly 
from Table 125. 

121. To Compute The Total Heat-energy Flow Through A 
Substance By Conduction When Its Conductance, In Mohts, 
And The Thermal Pressure Are Known, it is merely necessary 
to substitute in the following formula, the derivation of 
which will be obvious from a consideration of the preceding 
definitions: 

(59) Heat flow = (Conductance) X (Thermal Pressure) 
Or, substituting for the above their equivalents as herein- 
before defined: 

(60) B.t.w. per hour = B(T2 — 7) 

Then, if Q = total quantity of heat which flows, in B.t.u., 


it is apparent that: 
(61) Om BAT. 1) (B.t.u.) 
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Wherein: ¢ = time, in hours, during which the heat flow takes 
place. 7’. = temperature on hot end, in degrees Fahrenheit. 
T;, = temperature on cold end, in degrees Fahrenheit. B = 
the conductance, in mohts. 

Exameue.—A slab of copper 14 in. thick and 1 ft. square has a conduc- 
tance of 4,200 mohts. Then if the temperature on one side of the slab is 
42° I’. and that on the other is 47° F., the total heat which flows through it 
in 2146 hr. = Q = BUT. — T1) = 4,200 X 2.5 X (47 — 42) = 4,200 X 
2.5 X 5 = 52,500 B.t.u. 

Notr.—By transposing For. (61) there result: 


$2 Q 
and 
(63) (T, — T,) = x (degrees Fahrenheit) 
also 
(64) {= BU Ty (hours) 


Exampie.—What is the conductance of the bar of Fig. 111 if, when the 
temperature at A is 800° F. and that at H is 250° F., the total heat which 
flows from A to # in 14 hr. is 1,100 B.t.u.? Sotutron.—Substitute in 
For. (62): B = Q/[t (T2 — T1)] = 1,100 + [0.25 (800 — 250)] = 1,100 
= 0.25 X 550 = 8 mohts. 

Exampiy.—What thermal pressure or temperature difference will, in 

114 hr., force 180,000 B.t.u. through a 


Wood! Ashes = “95 Mhot body which has a conductance of 200 
‘hot ‘ : 

ts Meee 9 Wipe mohts? SoLuTion.—Substitute in For. 

le «+ 21 Mhots 2). ~~ : 

Lai apres et (63): (3s — Ts) = Q/t B= 180,000 = 


meee ce Mhots 

F Woow Ashes= 0,0005 
Pine Woow = 0.007 
“Firebrick = 0.06 
Marble - 0./46 

¢ | Aluminum = 7.29 

H eet > 14.59 


Ga = 


© 


Ts 


=F ‘ 


ee = Fe 


Tin. 


rection of * $ 
mes Flow- Direction & Heat Flow= >) 
Fie. 119.—Showing conductance Fie, 120.—Showing conductances, in 
of some common materials, in mohts per inch-cube. 


mohts per square-foot-inch, 
(1.5 X 200) = 180,000 + 300 = 600° F. = thermal pressure = temperature 
difference. 

122. Thermal Conductivity Is Specific Thermal Conduc- 
tance.—That is, it is the conductance of a unit block of the 
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material under consideration, which has a specified length and 
cross-sectional area. Frequently, in heat computations, the 
conductance of a slab of the material (Fig. 119) which has asec- 
tional area of 1 sq. ft. and a thickness of 1 in., is taken as the 
conductivity of the material. In such cases the conductivity 
is expressed in mohts per square-foot-inch. The symbol K 
will be used herein to express conductivity. 


Nots.—Sometimes Ir Is More Conventent To Usr Conpvuctivi- 
Tims WuicH ArE ExpresseD In Monts Per Incu-cuseE (Fig. 120). In 
any case, it is always necessary to specify the volume unit which is 
implied when a conductivity value is stated. How these conductivity 
values are applied in computations is explained in following examples. 

Examp es of thermal-conductivity values are given in Table 125 for 
various common metals, heat-insulating materials, liquids and gases. 


123. The Thermal Conductivity Of A Substance Is Not 
Constant But Varies With The Temperature.—Strictly, 
values such as those given in Table 125, relate only to one 
temperature. But they may, without prohibitive error, 
be used through a reasonably wide range. Usually other 
variables will introduce greater errors than this variation in K. 


ExamMPpie.—The same piece of metal may, under the influence of the 
same temperature difference, conduct heat more readily when at a high 
than when at a low temperature. That is, for some substances, it has 
been found that the value of K changes a certain amount for each change 
in temperature. 


124. To Compute The Value Of “K” At Some Given 

Temperature When Its Value At Some Other Temperature 
Is Known the following formula may be used. Note its 
similarity to For. (96) for computing length of a rod at some 
given temperature when its length at some other temperature 
and its expansion coefficient are known. The same general 
reasoning applies in each case. 
(65) Ky = Ko (1 + kT) (conductivity) 
Wherein: K; =value of K at any desired temperature. Ko = 
the known value of K at some other temperature. k = ‘“‘tem- 
perature coefficient of thermal conductivity” = the change in 
value of K for each 1° change in temperature; see note below for 
some values of k. JT = difference between the temperature at 
which K is known and the other temperature at which K is 
desired, in degrees. 
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Notre.—Some Vauugs For k with temperatures expressed in degrees 
Fahrenheit are: Aluminum, 0.000,3. Yellow brass, 0.001,36. Red 
brass, 0.000,89. Copper, 0.000,03. Cast iron, 0.000,83. Wrought iron, 
0.000,1. Lead, 0.000,48. 

Exampup.—At 32° F., Ks for wrought iron is known (Table 125) to be 
400 mohts per sq.-ft.-in. What will Ks, for wrought iron, be at a tem- 
perature of 182° F.? Sonution.—From the preceding note, k for 
wrought iron = 0.000,1. The temperature difference = 182 — 32 = 150° 
F. Now substitute in the formula: Kr = Ko(1 + kT) = 400[1 + 
(0.000,1 < 150)] = 400 (1 + 0.015) = 400 X 1.015 = 406 mohts per 
sq.-ft.-in. 

125. Table Showing Thermal Conductivities Of Various 
Substances which have been determined by experiment. 
There is some disagreement between the different authorities 
as to these values. Further research is necessary to insure 
complete agreement. (Quoted from various authorities: 
M = Marks’ MercuanicaL ENGINEERS’ HANDBOOK; P = 
Pender’s EvEectricaL ENarnreErRs’ Hanpgpoox, E = Peele’s 
Minine Enaineers’ Hanpsoox; S = SMITHSONIAN TABLES, 
R = Randall’s PracticaL Hat.) 
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Average working con- 
ductivity values (B.t.u. 
Ranges through which quoted| per hour forced through 
values of K are fairly accurate| the volume specified by 
a thermal pressure of 
Material ey 
Tempera- | Corresponding Ks KY 
tures, deg.| Rangein actual}| in mohts | in mohts 
Fahr. values of Ks per sq.-ft.- | per inch- 
in cube 
METALS 
Aluminum. oes ee Sees 32-500 |E 966-1, 100 1,050 7.29 
Brass, yellow: .2.:: cco. css 32-500 |E 592-— 216 500 3.47 
IRTass reds. 3c eRe eee er cae 32-500 |E 713— 416 600 4.16 
Copper sae ieee 32-500 |E 2,080—-2,050 2,100 14.59 
ron cantar omer a taro oie 32-500 |E 507— 205 450 3.12 
Tron, wrought. «ccs ses esecisc 32-500 |S 418-— 398 400 2.78 
A Bee ne es Sd aie A cate Ge 32-500 |E 242— 234 240 1.66 
lel Solis Says etter | Meeenmiae S) 322 320 222 
LOM ee ee Meese ||, not ercraee E 433 440 3.05 
InsvuLatTine & MiIsceEL- 
LANEOUS 
Air-cell asbestos............ 212-572 |S 0.986-1.45 IO 0.0076 
Asbestos 44 lb./cu. ft........| —300-32 M 1.2 -1.62 175 0.0104 
Asbestos 29 Ib./cu. ft........) —300-32 M 0.654-1.07 1.0 0.0069 
Brickdust, coursge...... 32-212 |M_ 1.128 iL} 0.0078 
Brickworkess cers 68 M 3.42 3.40 0.0236 
Cardboard een set ier ee array M 1.44 1.40 0.0097 
Ceniento ase: nate ono 95-194 |P 2.06 -6.29 4.00 0.0278 
Charcoal, powdered......... 32-212 |M _ 0.635 6.35 0.044 
Goncretewe. ao eee eee 68 M 5.22 -5.64 5,50 0.038 
Cotton: o.5 acre ese 32-200 |M 0.384-0.468 0.45 0.0031 
Cork, pulverized....... 32-200 |M 0.252-0.384 0.30 0.0021 
BEE SE Bioed Strate. pee oe = hee ellen Sie. eames M 0.264 0.26 0.0018 
Wirebricloss. ascicnr ee eee 32-2,400|M 9.0 9.0 0.0625 
Firebrick, powdered.........| 70-212 |M_ 0.815 0.82 0.0057 
Glass, crown, window........ Wes ee Wi 76 7.00 0.0486 
EAH OSU sforaclolera cient oslo 68 M 1.28 1.25 0.0087 
WABDESIE Sins 3. ccte a aigeelotte 70-212 |M 1.31 1.30 0.0090 
Marblewin aces capemusteeste cel! steitrs ores M 20.6 21.00 0.146 
WAC IIS out ocx ha tee oA tse wvo|| we lenatoneveldas M 65,28 6.25 0.0365 
MAU SRA Vinge jee seiieterta cienel|) cterenele sve M 0.6 0.6 0.0042 
MP ADION soa cielelel MENA eres, roses o'||) Giri cuatene tote M 0.9 0.9 0.0063 
Porcelainy Sccseep cwanasass|) | sstavehre M 7.2 7.20 0.0500 
Rubbers. Carn vases reese all mein tare My lot 1.30 0.0090 
Sarid 3). ooties cone aru 68-311 |P 2.48 -2.51 2.50 0.0174 
Sawdust ces puts ese sors oe 70-275 |M 0.444 0.45 0.0031 
Scale, boilerceiccmesicseccdecl) Sieesarern. 134 1M}, (0) 16.00 0.111 
SEALE seve ts wa. venisere ies tritais ral reat eiyass Wt GIB Y 14.00 0.0972 
Wood aslescic) oo Rodi clas ace 32-212 |M 48 0.50 0.0035 
Wood, oak, to fiber........ 68 M 1.44 1.40 0.0097 
Wood, pine, to fiber......... 68 M = 1.04 1.00 0.0069 
Woolssheepannasaactisae ete 68-212 |P 0.365-0.441 0.40 0.0028 
WiGGleimindr al mn meerey ears runt merlsrsuttyen oll) Mate etleusyisis ae ens 0.42 0.0029 
Liquips 
IW aber teecie cre etre eal aka ooo? P 3.5-6.5 4.50 0.0312 
Brinig ated ei ain Sct 39 s 3.35 3.30 0.0229 
GaszEs 
J Nocoheatoyeut: WrerentrcorenrD OBOE Oar 32-212 |P 0.1383-0.206 0.15. 0.0010 
AIP yaa batten tate Ara A ean eae ee 32 M 0.161 CO}, 10s) 0.0010 
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126. To Compute The Thermal Conductance Of Any 
Volume Of Any Given Substance, substitute in the following 
formula, the derivation of which is given below: 


(66) Ba= ae (mohts) 

and it follows that: 

(67) Ks = =e (mohts per sq.-ft.-in.) 

or 

(68) Av = (square feet) 
s 

also 

(69) Bee (feet) 


Wherein: B = thermal conductance, in mohts, as defined in 
preceding Sec. 120. Kgs = thermal conductivity of the sub- 
stance, in mohts per square-foot-inch; see Table 125 for values. 
A = area of the substance, taken at right angles to the direc- 
tion of heat flow, in square feet. ZL = length or thickness of 
the substance, in a direction parallel to the direction of heat 
flow, in inches. 


DerrivaTion.—As defined in Sec. 120, the moht is the conductance of 
a body which will permit 1 B.t.u. per hour to flow through it when the 
thermal pressure is 1° F. It has also been explained that the heat flow 
through a substance varies: (1) Directly as the cross-sectional area (Sec. 
115). (2) Inversely as the length (Sec. 118). Now the values in the Kg 
column of Table 125 are the conductances from face to face, in mohts, of 
slabs, of different substances, 1 sq. ft. in cross-sectional area and 1 in. 
thick. These values have been determined by experiment. Hence, it 
follows that if, for any given volume of a certain substance having given 
dimensions, the Ks value for the substance from Table 124 is multiplied 
by the sectional area of the volume in square feet and the result then 
divided by its length (thickness) in inches, the result will be the mohts 
conductance of that volume when it has the given dimensions. These 
operations are those which are specified by For. (66). 

Examrie.—What is the thermal conductance in mohts, from face to 
face, of a slab of wrought-iron boiler plate which is 144 in. thick and 8 
sq. ft. in area? Soxiutrtion.—From Table 125, As for wrought iron is 400. 
Now substitute in For. (66):B = KsA/L = 400 X 8 + 0.5 = 6,400 mohts. 

Norn.—Ir Conpuctiviry Vatuns In Monts Pur INcu-cusg Arb Usep 
from the Ky column of Table 125, then the equivalent of For. (66) be- 
comes: 2 
(70) Bae 


t (mohts) 
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Wherein: Ky; = thermal conductivity of the substance, in mohts per 
inch-cube. A; = area of the substance taken at right angles to the 
direction of heat flow, in square inches. ZL = length or thickness of the 
substance in a direction parallel to the direction of heat flow, in inches. 

Nots.—WueEN THE Conpuctrance Or A Bopy In Mounts Has BEEN 
DETERMINED, the amount of heat which will flow through it in a given 
time, under a given thermal pressure or temperature difference, may be 
computed by substituting in For. (61). 


127. A Formula For Computing The Total Flow Of Heat 
Energy By Conduction Through Any Volume Of A Given 
Substance, When Its Area, And Length And The Time And 
Thermal Pressure Are Known is given below. Its derivation 
follows the formula. 


(71) O= 2 oo! (British thermal units) 


Wherein all of the symbols have the same meanings as those 
specified in Secs. 121 and 126. 


Devan tron For. (61), Q = Bi(T2 — 71). But from For. 
(66): B = KgA/L. Now substituting for B in For. (61), its equivalent 
from For. (66), there results: Q = KgA(T2 — 7T)t/L, which is For. (71). 
Usually, it is preferable to use For. (61) instead of (71), first finding the 
mohts conductance with For. (66). 

ExampLte.—What quantity of heat will flow, in 144 hr., through a 
layer of boiler scale 14 in. thick and 10 sq. ft. in area when the temperature 
on the outside of the scale is 875° F. and the temperature on the inside of 
the scale is 375° F.? Soxtution.—From Table 125, Kg for boiler scale is 
16 mohts per sq.-ft.-in. Now substitute in For. (71): Q = KgA(T2 — 
T/A 1G LOS (oun 1 p)leD es OD es 1 G0) ab00) koi lon 
240,000 B.t.u. 


128. A Formula For Computing The Rate Of Heat-energy 
Flow—That Is, The Power Flow—By Conduction through 
any volume of a given substance is (see derivation below): 


(72) B.t.u. per hr. = B(T2 — T1) (B.t.u. per hr.) 


or if, as in electric-furnace and other electrical-apparatus 
computations, it is desirable to express the rate of heat energy 
flow in watts, then: 


(73) Watts = 0.293 B (T. — Ti) (watts) 


The thermal conductance of the volume of the substance in 
question may be computed as explained in Sec. 126. 
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Derivation.—From For. (61): Q = Bé(T2 — 71). Now, to obtain 
the rate of heat flow per hour, divide For. (61) through by the time in 
hours, that is by ¢, thus: 
(74) B.t.u. per hr. = 2 = Ba Fe hy) = 


Also, since a rate of energy expenditure of 1 watt = 3.415 B.t.u. per hr., 
to convert ‘“B.t.u. per hr.’”’ expression of For. (74) into watts, divide 
by 38.415, thus: 

B(T:2 — 71) 


(75) Watts = 3 415 = 0.293 B(T, — T1) 


129. “Thermal Resistance” is, in a sense, the opposite of 
thermal conductance, which is defined in Sec. 119. While 
conductance expresses the readiness with which a material 
conducts heat, resistance expresses the opposition which a 
material offers to heat flow. The greater the conductance, 
the greater the heat flow, but the greater the resistance the 
less the heat flow. 


Norre.—NvMERICALLY, HEAT Resistance Js THE ReEcIPROCAL OF 
Heat Conpuctancr Anp Vice VersA.—That is, if a substance has a 
heat conductance of 10 units, its heat resistance is: 1 + 10 = 0.1 wnits. 
These quantities are analogous respectively to electrical resistance and 
electrical conductance. ‘Thermal resistance to heat flow is also somewhat 
analogous to the frictional resistance offered by the interior surface of a 
pipe to the flow of water through it. 

Notrrt.—Tuer THERMAL REsIstancE Or A Susstance Is Low if the 
construction and arrangement of the molecules of the substance is such 
that heat which is imparted to one part of the substance is transmitted 
with great rapidity to the molecules in the cooler portions. But if the 
transmission proceeds only sluggishly, then the resistance is high. 


B(T2 — 11) 


130. Internal Thermal Resistance is the opposition to heat 
transfer which occurs within the substance. It is, numeri- 
cally, the reciprocal of internal thermal conductance. 

131. External—Or Contact—Thermal Resistance is the 
resistance to heat transfer which occurs between two sub- 
stances which are in contact with each other. Definite quan- 
titative data relating to this form of resistance are not 
available. 


Norr.—Resistancr To THe Frow Or Heat From Tur Gases Or 
Compustion In A Bortur Furnace To Tab Water In A BotieEr is, 
largely, due to the contact resistance between the gases and the steel 
boiler-shell or tubes, and between the shell or tubes and the water. It 
is also due to the internal resistance of the plate itself, the resistance of 
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a stagnant gas film on one side of the boiler plate, and the resistance of a 
stagnant water film on the other side. 

132. A Unit Of Thermal Resistance Is The “Thom,’?— 
This word is merely a contraction of the term “thermal ohm.’’ 
See, in this connection, Sec. 120 in which the “‘moht”’ is defined. 
A body has a resistance of 1 thom when a thermal pressure— 
or temperature difference—of 1° F. will force heat through it, 
by conduction, at the rate of 1 B.t.u. per hour. 

133. To Compute The Total Heat-energy Flow Through A 
Substance When Its Resistance, In Thoms, And The Thermal 
Pressure Are Known, substitute in the following formula, the 
derivation of which follows from the definition of preceding 
Sec. 132. 

Thermal pressure 
A) en les Thermal resistance 


or substituting for the above quantities their equivalents as 
hereinbefore defined: 
(77) B.t.u. per hour = ee 
Wherein: R = the thermal resistance, in thoms. The above 
equation expresses what is sometimes called the Ohm’s law of 
the heat-flow circuit. Now if Q = the total quantity of heat 
which flows, in B.t.u., it is apparent that: 

— Tt 
(78) Ope an (B.t.u.) 


Exampie.—A certain slab of copper has a thermal resistance of 
0.000,238 thoms. If the temperature on one side of the slab is 42° F., 
and that on the other is 47° F., what will be the total heat which will 
flow through it in 24 hr.? So.tutron.—Substitute in For. (78): Q = 
((T. — T,)/R = [(47 — 42)2.5] + 0.000,238 = 5 X 2.5 + 0.000,238 = 
52,500 B.t.u. Compare this example with that under For. (61). 

134. Thermal Resistivity Is Specific Thermal Resistance.— 
That is, it is the resistance of a block of the material, which is 
under consideration, which has a specified length and cross- 
sectional area. Numerically, a thermal-resistivity value will 
be the reciprocal of the corresponding thermal-conductivity 
value. Review Sec. 122 on “Thermal Conductivity.” To 
obtain the thermal resistivities of the materials which are 


listed in Table 125, in thoms per square-foot-inch—or per inch- 
8 
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cube—compute the reciprocals of the corresponding conduc- 
tivity values there quoted. 


Norre.—THERMAL-RESISTIVITY VALUES ARE Not Given In Tasip 125 
because it is usually, when computing, more convenient to use the con- 
ductivity values. In many cases, the resistivity values would be long 
awkward decimals. Equally correct results may be obtained by using 
either resistivity or conductivity values, if the proper formula is utilized 
in each case. 


135. To Compute The Thermal Resistance Of A Volume Of 
A Substance In Thoms, first determine its conductance in 
mohts as specified in For.:(66) and then figure the reciprocal 
of the value thus obtained. This last value will be the thermal 
resistance, in thoms. 

Exampie.—The thermal conductance of a certain slab of copper is 
4,200 mohts. ‘Therefore, its thermal resistance is: 1 + 4,200 = 0.000,238 
thoms. 

136. To Compute The Rate Of Heat-energy Flow, That Is, 
The Power Flow, Through A Substance When Its Thermal 
Resistance, In Thoms, Is Known, the formulas quoted below 
may be employed. These, since resistance is the reciprocal 
of conductance, follow from Fors. (72) and (738). 


(79) B.t.u. per hour = eae 
and 
(80) Watts — 0:293(22— Ty) 


R 


Exampie.—What will be the heat power loss, in watts, through the 
heat-insulating jacket of a furnace, if the thermal resistance of the jacket 
is 0.003 thoms and inside and outside temperatures are respectively 1,700 
and 180° F.? Soxturron.—Substitute in For. (80): Watts = [0.293(7. - 
T;)]/R = [0.2938 X (1,700 — 180)] + 0.003 = 0.293 X 1,520 + 0.003 = 
148,400 watts. 


137. Convection Is Transfer Of Heat By The Flow Of 
Currents Within A Fluid Body.—The current-flow is due to 
variations of density, caused by inequalities of expansion and 
contraction, through the fluid body. 


ExPpLANATION.—When any portion of a fluid, as air, becomes heated 
(Fig. 121), it expands, (Sec. 159). The density of that porticn of the 
fluid diminishes. A given volume of it becomes lighter than it was before. 
That is, the volume of a given weight of the fluid becomes greater. 
According as the density of any portion of a fluid, as water (Figs. 122, 123, 
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124, and 125), diminishes, due to conduction of heat to that portion of the 
fluid, it rises and is displaced by the cooler, more dense and heavier sur- 
rounding portions of the fluid. These portions, in turn, likewise become 
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Fie. 121.—Showing the increase in volume of a certain mass (weight) of air in passing 
over hot steam coils. 
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Fia. 122.—Water circulation when heat Iie. 123.—Water circulation 
is applied to center of a vessel. in vessel heated on one side. 


heated and displaced. Continuous circulating currents are thus set up in 
the fluid. Heat is thereby transferred, by convection, from the parts of 
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the containing vessels which are in direct contact with the sources of heat 
to the parts which are remote therefrom. 
Hot water is admitted (Fig. 126) to a cold cast-iron radiator, R. The 
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Fia. 124.—Showing water circulation in or- Fie. 125.—Showing circulation in a 
dinary cylindrical drum boiler. U-tube when one leg is heated. 
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Fia. 126.—Hot-water heating system. 


heat in the water is transferred, by conduction, to the iron walls of the 
radiator. Then the heat in the iron is transferred, by conduction, to 
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the particles of external air which are directly in contact with the radiator. 
This air expands. Its density diminishes. It becomes lighter, per unit 
of volume, than it was a moment previous. It is displaced from con- 
tact with the radiator by the heavier air below it. Similarly other 
portions of air become heated, expanded, diminished in density and dis- 
placed frem contact with the radiator. A continuous convection-cur- 
rent, which carries the heat to the parts of the enclosed space which are 
remote from the radiator is thus set up. This current constantly 
imparts its heat, by conduction, to 
the remote bodies with which it 
makes contact, and constantly re- 
turns to the radiator for a fresh 
supply. Some heat is also trans- 
mitted from a radiator by radiation 
(Sec. 138). 


Cold! Air 
Register. 


Direction of 
Circuleition-- 


Fie. 127.—Heating with a warm-air Fia 128.—Showing convection cur- 
furnace. rents of air at junction of ocean and land. 
(Direction of flow may be reversed when 

the land is the cooler.) 


Fig. 129.—Showing circulation in in- Fia. 130.—Showing water circulation 
clined tube. in simple water-tube boiler. 
Note.—TRANSFER Or Heat By Convection Is Urtiniznep In Many 
Ways.—The effectiveness of hot-water (Fig. 126), steam, and hot-air 
(Fig. 127) heating systems (Div. 17), of ventilating systems, and of 
chimneys and stacks (Sec. 256) depends upon this principle. To it, also, 
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are due the winds (Fig. 128) which traverse land and sea. Convection is 
of fundamental importance in the operation of steam boilers. The tubes 
of horizontal water-tube boilers are set (Figs. 129 and 130) at an inclina- 
tion to the horizontal. The object is to facilitate transfer of heat by 
convection. Rapid circulation of the water-currents, and, therefore, of 
heat-transfer by convection is (Figs. 
131 and 132) one of the foremost 
considerations in boiler design. The 
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Fie. 131.—Water and gas circula- 


tion in one type of vertical water-tube 
boiler. 


Fie. 132.—Showing water and gas circula- 
tion in Stirling-type boiler. 
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Fia. 133.—Ventilation due to convection. (This shows a scientific arrangement. 


Note movement of air near floor where employes work, The wind, if there is any, 
assists in promoting circulation.) 


principle of convection is, often, utilized (Fig. 133) in the natural 
ventilation of buildings. 
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Nors.—Tss Marspmatics Or Heat Transrer By Convection Is 
RaTHER COMPLICATHD.—It involves consideration of many factors, as 
temperatures, specific heats, densities, viscosities, and probably others. 
Hence, no formule pertaining to this subject will be given herein. How 
a chimney produces draft by convection is explained in Sec. 256 and in 
the author’s Srpam Boruers. 

138. Radiation Is Transfer Of Heat From One Body To 
Another By Wave Motion In The Atther (Sec. 46). When 
being thus transferred by wave motion in the ether, the 
energy is called radiant heat energy or merely radiant heat. 
Radiant heat is, therefore, wave motion and not molecular 
motion as is heat in its most common form. The earth 
receives the sun’s heat by radiation. The ether which fills 
interstellar space, and, in fact, all space unoccupied by matter, 
is the medium of transmission. 

ExpLaNaATion.—lIf the bare hand be suddenly thrust before the open 
door of a boiler-furnace, within which an intensely hot fire is burning, an 
unbearable sensation of heat will be felt instantly. Evidently, this can 
be due neither (Sec. 137) to convection nor (Sec. 111) to conduction. 
It cannot be accounted for on the principle of convection, because the 
convection-current flow will be inward, instead of outward, through the 
furnace-door. The exposed hand will be constantly bathed by an air- 
current flowing into the furnace from the comparatively cool atmosphere 
of the room. For the same reason, the intense sensation of heat cannot 
be accounted for on the principle of conduction. Even if the air in 
contact with the hand were to become temporarily stagnant, a consider- 
able interval of time would still be required for it to conduct the heat 
thereto, because air is (Sec. 114) a poor conductor of heat. 

The true explanation is, that the vibratory heat motion, of the mole- 
cules of the combustibles in the furnace, sets up a wave motion in the 
ether which (Sec. 46) fills the interstices between the air molecules. 
These heat waves travel, at enormous speed (Sec. 178), along straight 
lines which radiate in all directions from the source of heat. They tend 
to reproduce (Sec. 142), in all matter which lies in their path, the vibra- 
tory heat motion of the heated substance wherein they originate. Those 
which travel in the direction of the exposed hand before the furnace door, 
traverse the intervening distance in an interval of time which is so brief 
as to be virtually instantaneous. In fact, radiant heat waves travel at 
the same speed as do light waves, viz.: 186,000 miles per sec., as explained 
in Sec. 178. 

139. Heat May Be Radiated Through Vacua.—The heat 
energy of the sun passes through a presumably perfect vacuum, 
millions of miles in extent, before it reaches the earth’s 
atmosphere. 
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Notr.—Heat Can Neiraer Br Conpuctep Nor ConvEcTep 
Turoucu A Vacuum.—In a space wherein matter is nonexistent, both 
the molecular motion by which heat is conducted, and the current-flow 
by which it may be convected, must likewise be nonexistent. 

ExampLE.—A glass vessel enclosing a practically perfect vacuum might 
be interposed between the bare hand and the fire in the furnace. But the 
sensation of heat would still be felt. 


140. Heat Waves May Be Visible Or Invisible-——Those 
which are visible are (Sec. 176) classed as light waves. The 
quality of visibility depends upon the degree of heat (tem- 
perature) which is possessed by the bodies from which the 
waves emanate. 


ExaMPLe.—A mass of iron when heated to about 480° F. will, in a dark 
room, give off visible heat waves. When the temperature of the iron 
drops below 480° F., the heat waves will become invisible. 


141. Heat May Be Radiated Through Transparent Or 
Translucent Bodies To Other Bodies Beyond.—Some sub- 
stances tend (Sec. 148) to absorb heat waves more readily 
than do certain other substances. 
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Fia. 134.—Lens of ice shaped like a burning glass concentrates radiant heat waves of 
sun and ignites paper. 


Exampie.—The visible heat waves, which (Fig. 134) are manifested 
in the sun’s rays, tend to stimulate heat motion in the lens-shaped cake 
of ice. Presently the ice lens will be melted to water. But while the lens 
continues intact, the heat waves passing through it will, by being focused 
or concentrated on the faggots, ignite them. 

142. Radiant Energy Is That Form Of Energy Which 
Resides In Athereal Heat Waves.—lIt is the essence of the 
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phenomenon which (Sec. 138) is conveniently defined as 
transfer of heat by radiation, or as radiant heat. 

ExpLanation.—The earth receives the sun’s heat by radiation. But 
the sun’s heat exists as a vibration of the molecules of the sun’s substance. 
This vibratory molecular motion, or heat, cannot be imparted by conduc- 
tion to the ether which lies between the sun and the earth and thence to 
the molecules of the earth’s substance—the ether has no molecular 
structure to receive it. Therefore, it is an obvious misnomer to consider 
the phenomenon of radiation as a direct transfer of actual heat by contact. 

The energy of the sun’s molecular vibration, or heat, is, however, 
imparted to the ether. This transfer of energy is manifested by waves 
which are thereby made to traverse the ether. ‘These waves radiate from 
the sun along straight lines (Sec. 188). They are waves of radiant 
energy. When a mass of matter, as the earth, intercepts their path, they 
impress their radiant energy or a portion of it on that mass of matter and 
thereby reproduce therein the molecular motion, or heat, to which they 
owe their origin. 


143. Waves Of Radiant Energy Are Converted Into Heat 
In The Material Bodies Which Intercept Them.—Radiant 
energy tends, more or less, to penetrate (Sec. 141) substances 
which are transparent, translucent or opaque to light, as 
respectively a window-pane, a draftsman’s celluloid triangle, 
or a china cup. The ability of any of these substances to 
convert radiant energy into heat is inversely proportional to 
its capacity for transmitting light. An ideally transparent 
substance would convert none of the radiant heat energy 
which impinged on it to molecular-vibration heat energy; all 
would pass through. An absolutely opaque non-reflecting 
substance would convert all radiant energy which impinged 
on it to molecular-vibration heat energy. Radiant energy 
cannot penetrate substances into which light cannot enter. 
The radiant energy, or a portion of it, is transformed into 
heat among the surface molecules of such substances. Then 
the heat is carried, by conduction, throughout the body of the 
substance. The more impenetrable the substance, the greater 
its capacity for conversion of radiant energy into heat. 


Note.—Duvuu Buack Surraces Or Bopins Arp THE Brust ConvERT- 
ERS Or Rapiant Eneray.—They are also the best radiators thereof. 
It is presumed that if a surface, in which the qualities of blackness and 
dullness would be perfectly blended, could be prepared, the surface would 
absorb, and convert into heat, all of the radiant energy which it might 
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intercept. A surface coated with lampblack is probably the nearest 
approach to the ideally perfect absorbing surface. 

144. Radiant Energy Which Is Intercepted By A Material 
Body May Be Reflected Therefrom (Figs. 135, 136 and 137). 


Some of the heat waves which 
impinge upon the surface of 
the body will (Sec. 138) be- 
come transformed into mole- 
cular motion or heat. But 
others may rebound. The 
angle of incidence, I, (Fig. 135) 
is always equal to the angle of 
reflection, R. 

Note.—BrIGHTLY POLISHED 
SurFaAaces REFLECT RADIANT 
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Mirror Medium 


Fie. 135—Heat waves 
are reflected in the same 
manner as are light waves. 
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Fie. 136.—Reflected radiant energy 
from the sun makes it hot for the 
painter. 


Enerey Very Reapiry.—Thereby they tend to prevent the absorption 
of radiant heat by any body which they surround. Conversely, polished 
surfaces are poor radiators of heat thereby they tend to prevent loss of 
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Fia. 137.—Radiant-energy heat rays are reflected and fooused by a concave mirror in 
the same manner as are light rays. 


radiant heat from bodies which they surround. A bright silvery surface 
(Figs. 185 and 137) will reflect most of the radiant energy which it may 


Src. 145] TRANSFER OF HEAT 123 


intercept. A white painted surface (Fig. 186) would, by reflection, 
produce a much more uncomfortable heating effect than would a black 
surface. 


145. Surfaces Which Are Good Radiators Of Radiant Heat 
Are Also Good Absorbers Thereof. Surfaces Which Are Poor 
Radiators Are Good Reflectors.—These facts may (Figs. 138 
and 139) be readily demonstrated by experiment. 
Advantage of them is taken in many practical applications. 
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Fie. 138.—Good heat reflectors are Fia. 139.—Good heat absorbers are 
poor heat absorbers and vice versa. good heat radiators. 


In general, the rough dark surfaces are good radiators and 
absorbers; smooth polished light surfaces are good reflectors 
and poor absorbers. 


Exampie.—In Fig. 138, the metal sphere, A, on the lampblacked 
plate will melt off before that, R, on the polished plate melts off. The 
lampblacked plate quickly absorbs radiant heat from the hot metal ball, 
B. The polished plate reflects the heat away. In Fig. 139, the bulb, 
L, absorbs more heat than does P, because the lampblacked side of the 
hot-water-can radiates heat much more rapidly than does the polished 
side. 

ExampLE.—The metal casings of “thermos” bottles (Figs. 106 and 
107) are often nickeled and polished on the outside to minimize the loss 
or gain of heat by them by radiation. The glass container inside such a 
bottle is similarly coated like a mirror for the same reason. Likewise 
calorimeter vessels (Fig. 95) are, usually, of polished nickel. Electric 
heaters (Fig. 82) have highly polished reflectors. Steam-heating-system 
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radiators (Sec. 590) are, purposely, left rough outside to promote radia- 
tion of heat from them. 


146. Radiant Energy Is Susceptible To Refraction.—This is 
observed when visible heat waves, in the 
form of rays of sunlight, are (Figs. 134 and 
140) caused to pass through a convex lens. 
A refractive, or bending, effect is also 
observed (Figs. 141 and 142) when visible 
heat waves, or light rays, pass through the 
bounding surfaces of transparent substances, 
as clear water or glass. 

Notrt.—Rapiant Heat Waves May THERE- 
FORE Br CoNcENTRATED WitTH A Lens (Figs. 184 


and 140) in about the same way that light waves 
can be concentrated. 


Fic. 140.—Sun's rays 4147, The Radiant Heat Which Is Given 
are refracted by the lens 
and concentrated on the Off By A Body may be computed by the 
Ree of a match, igniting Stefan-Boltzmann formula, which is as 
follows: 


(81) OF= RAi(s)’ (British thermal units) 


Wherein: Q = the quantity of heat, in British thermal units, 
which is radiated. k = a constant for the material, taken 
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Fig, 141.—The course of a ray Fie. 142.—Path of a light ray is 
of light is changed by refraction deflected when passing through a 
when it passes through the com- prism. 


mon surface of two transparent 
mediums of different density. 


from Table 149. A = the area of the radiating surface, in 
square feet. ¢ = the time interval, in hours, during 
which the radiation occurs. T = the absolute temperature 
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of the body, in degrees Fahrenheit = reading of the observed 
temperature + 460. 

For a radiator possessing absolute blackness, For. (81) 
becomes: 


(82) OF} 0.161,84¢(,5)" (British thermal units) 


148. The Net Heat-transfer, By Radiation, Between A Hot 
Surface And A Parallel Cool Surface (both surfaces must be 
very large, of the same size, and one of them a perfectly 
black body, Fig. 143) may be computed by the following 
adaptation of the Stefan-Boltzmann formula: 

(83) Qr = | (=) - (;3) | (B.t.u. per hr. per sq. ft.) 
Wherein: Qrz = quantity of heat transferred, in British 
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Fia. 143—Showing how heat actually radiates, and how, for the purposes of computa~ 
tion, it is assumed to radiate. (In JJ it is assumed that all heat is radiated at right 
angles to the surfaces. This is assumed to be true only when the surfaces are very 


large.) 

thermal units, per hour per square foot of area (A or B, 
Fig. 143) of either surface. k = a constant for the material, 
taken from Table 149. T, and T, = respectively, the abso- 
lute temperatures in degrees Fahrenheit, of the hot and cold 
surfaces = reading of the observed temperature of each 
surface + 460. This formula illustrates the principal of 
mutual radiation. However, in practice very few cases arise 
in which the radiation is between two large parallel surfaces 
of equal area, one of which is a perfectly black body. Hence, 
the formula can seldom be used for accurate solutions. But 


126 PRACTICAL HEAT [Drv. 5 


it can be used in most cases, such as in boiler furnaces, for 
calculating approximately the heat which radiates from a 
square foot of an incandescent body. 

149. Table Showing Values Of The Radiation Constant k 
For Various Materials (From Marks’ MecHanicaL ENGINEERS’ 
HANDBOOR). 


i 
Temp Temp., 
Material k deg. Material k deg. 
Fahr. Fahr 
Ideally black body........ 0.1618) 70 Abierto aera ninns aa 0.084) 120-545 
Glass; smooth a... ee oe OSA rence Cast iron, rough, highly 
Oxidized an a-n ener aoe erlOe 157| 105-480 
Brags, Quiles sejaysrtevaisters tes 0.0362|100—660)| Lime plaster, rough white.'0.151' 150-195 
Tamipblacka.-pyainieei ere 0.154 | 32-100) Slate, smooth............ 0.115 140-400 
Copper, slightly polished....|0.0278)100—540)| Field soil................ 0.063 140-400 
Wrought iron, dull, oxidized|0.154 | 70-670}| Water..................- 10. 112 140 
Wrought iron, (ordinary | | 
JOVEN? lox os ncaanagcann OJ0562|" 85-225) Tea: cas case coc s cee 0.106) 32 
Wrought iron, highly pol- 
DSDLO)Becveipnaiexe casters fayette 0.0467|105—-480)| Incandescent bodies....../0. 155| 


150. Radiant Heat Within A Boiler Furnace will now be 
considered. A boiler receives little heat by radiation from 
the gases of combustion. It may receive some heat by radia- 
tion from the long tongues of luminous flame which result 
from burning highly volatile bituminous coals. But most 
of the heat delivered to a boiler by radiation comes from the 
glowing and incandescent fuel on the grate, and from the highly 
heated fire-brick lining of the furnace. For a given grate 
area neither the contour of the portion of the boiler surface 
which receives the radiant heat, nor (within reasonable limits) 
the distance of the surface from the fuel bed, have any appar- 
ent influence on the amount of heat thus transferred to the 
boiler shell by radiation. 

Exampte.—The temperature of the incandescent fuel bed, and of 
the fire-brick lining, in a boiler furnace, is 2,300° F. The temperature 
of the boiler shell is 600° F. If the furnace temperature be raised to 
2,500° F., what will be the increase in the quantity of heat transferred 
to the boiler shell by radiation? Soiutton.—k for wrought-iron bodies 
(Table 149) = 0.154. By For. (83), the heat radiated under the prevailing 
furnace temperature Qr = k [(T:/100)4 — (T:/100)4] = 0.154 X {[(2,300 + 
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460) + 100] — [(600 + 460) + 100]4} = 87,400 B.t.u. per hr. per 
sq. ft. of the area of the hot surface which radiates the heat. Also, by 
For. (83) the heat which would be radiated under the increased furnace 
temperature = Qr = k [(Ti/100)4 — (T2/100)4] = 0.154 x {[(2,500 + 
460) + 100)]4 — [(600 + 460) + 100]4} = 116,300 B.t.u. per hr. 
per sq. ft. of the area of the hot surface which radiates the heat. 
Hence, the increase in the quantity of heat radiated = 116,300 — 
87,400 = 28,900 B.t.u. per hr. per sq. ft. of the area of the hot fuel bed. 


151. The Problem Of Heat Radiation In Boiler Furnaces Is 
Very Complicated.—This is particularly true of the radiation 
which occurs in the furnaces of externally fired boilers. It is 
beyond the province of this book to go into the abstruse 
mathematics of the subject. Enough has been shown, 
however, in the preceding example to emphasize the advan- 
tage, in boiler operation, of maintaining high furnace tem- 
peratures. As indicated in the solution of the preceding 
example, the quantity of heat which a boiler receives by radia- 
tion increases very rapidly as the furnace temperature rises. 


ExaMPpLes.—By increasing the furnace temperature from 2,000° F. 
to 3,000° F., the quantity of heat which is delivered to a boiler by radia- 
tion under the lower temperature, may be increased approximately four 
times. By permitting the temperature to fall from 2,500° F. to 2,400° 
F., the quantity of radiant heat may be diminished about 12 per cent. 
The fusing temperature of the ash generally limits the maximum attain- 
able temperature of the fire in a boiler furnace. 


152. Heat Transfer May Be Effected By Simultaneous 
Occurrence Of Conduction, Convection And Radiation.— 
When the three modes of heat-transfer thus act conjointly to 
deliver heat to a substance, the resulting phenomena are very 
complicated and difficult of exact analysis. 


Expianation.—In boiler operation, the furnace heat (Fig. 144) is 
transferred by convection and radiation to the surface of a stationary 
gaseous film which blankets the heating surface of the boiler. Or, 
perhaps, a coating of soot may interpose between the film of gas and the 
heating surface. The heat is then carried by conduction to the water in 
the boiler. It traverses the external film of gas, the coating of soot, 
the boiler plate, perhaps a layer of scale on the inner surface of the 
plate, and, finally, a film of stagnant water and steam before it passes 
into the mass of moving water in the boiler. During the progress of the 
heat flow from the outer surface of the external gaseous film to the moving 
water in the boiler, the mode of transfer alternates successively between 
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external and internal (Sec. 112) conduction. When the heat is finally 
conducted into the moving water, the convection currents circulating 
therein distribute it throughout the mass. 

Now, heat is not transferred as readily by external conduction as 
by internal conduction. Also, the rate of transfer by external conduction 
seems to vary, more or less, according to the various natures of the sub- 
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Fia. 144.—Diagrammatic representation of heat transfer in a boiler and furnace. 


stances in contact. This introduces a factor that must be variously 
reckoned with where (Fig. 144) a series of dissimilar substances are 
successively in contact. 

The rate of heat transfer by convection, both in the furnace and 
in the boiler, will be considerably modified by the velocity of flow of 
the furnace gases and of the water. As the velocity flow of either of 
these mediums increases, the thickness of the film of stagnant gas 
which blankets the heating surface externally, or of the film of stagnant 
water which adheres to the plate internally, will be materially diminished. 
These films are relatively poor conductors of heat. 

It is evident, therefore, that the quantity of heat which may be 
transmitted, through the external film, from the convection currents in 
the furnace, and, through the internal film, to the convection currents 
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in the boiler, will be greatly modified according to the thickness of the 
films, 

The transfer of heat by radiation will, likewise (Bec, 143) be governed 
by variable conditions. 


QUESTIONS ON DIVISION 6 


1, What are the three modes of heat transfer? 
2. State an instance wherein the three modes of heat transfer occur simultaneously, 
8. What change in the motion of the molecules of a substance occurs when the sub« 
stance is heated? 
4. What is heat conduction? Give an example, 
6. Why does the protruding end of a bar of iron remain cool while the other end is 
being heated in a forge fire? 
6. What is internal conduction? Laternal conduction? Give some examples of each, 
1. What factors determine the flow of heat through « substance? 
8. Iixzplain the fundamental cause of the warmth which # blanket of snow secures 
to vegetable life. 
9. Jn what ways do the elements of time and distance affect the rate of heat transfer 
between two points in any substance? 
10. What is thermal conductance? 
11. Why do not a)! materiale conduct heat at the same rate? 
12. What isthe name of the unit of thermal conductance? Of thermal resistance? 
What ie the value of each of these units? 
12. What is thermal conductivity? 
14. In what manner do tempersture changes affect the thermal conductivities of 
substances? 
16. What ie internal thermal rewiuancel NWaternal thermal rewistamcet 
16. What is thermal resistivity? 
17. What should be the intrinsic properties, with reapect to heat-effects, of the 
materiale used in making an ice-box or « firelesm cooker? 
18. By what quantitative unite are resistivity and conductivity expressed mathe- 
matically? Explain the meaning of each unit, 
19. Uxplain the mutual) relation existing between the Gritish thermal unit and the 
unite of conductivity and resistivity. 
20. What le convection# 
21. Ezplain the phenomena of convection in hot-weter and hot-nir heating systems 
and in ordinary stove heating. 
22, Why are the tubes in horizontal water-tube boilers set sloping? 
22. What ie radiation? 
24. Wherein does radiation chiefly differ from conduction and convection? 
26. In what manner does the earth's atmosphere become heated by radiant energy 
from the sun? 
26. What is radiant energy? 
21. What is the velocity of radiant energy? 
24. What characteristic must 4 substance possess in order that radiant energy may 
yaw through it? 
29. In what manner ie a body heated by radiant energy? 
20. Describe how ra4iant enerzy may be reflected, 
21. Give some example of rhbractes radiant energy, 
B2. What characteristic should 2 substance possess to render it 4 perfect absorber of 
refiant energy? 
22. What kind A euriace ie best lor radiating heat? 
24. What material affords the domest approzimation to the ideally perfect absorber of 
rahiant energy? 
25. What are the sources A ra4iant heat in the furnace of an externally fired boiler? 
9 
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36. What circumstance generally limits the maximum temperature that may be real- 
ized in a boiler furnace? 

37. In what manner does the velocity of the flow of gases in a boiler furnace chiefly 
affect the transfer of heat from the gases to the boiler? 


PROBLEMS ON DIVISION 5 


1. A body having a cross-sectional area of 5 sq. in. conducts 41 B.t.u. of heat per 
min. What would be the rate of heat conduction of a body of the same substance having 
a cross-section of 6.5 sq. in.? 

2. If one end of an iron rod is heated to 500° F. in a forge fire, while the temperature 
of the opposite end is 100° F., what is the thermal pressure between the two ends? 

3. The temperature of one end of a stone column is 300° F. The temperature of the 
opposite end is 70° F. The quantity of heat flowing, in 5 hr., between the two ends is 
700 B.t.u. What is the conductance of the column? 

4, A body has a conductance of 11 mohts. What thermal pressure will force 8,720 
B.t.u. through the body in an hour and ten minutes? 

5. The side sheets of the fire-box of a steel boiler are 0.5 in. thick. The area of each 
sheet is 30 sq. ft. What is the thermal conductance from the fire surface to the water 
surface of each sheet? 

6. A steam pipe is covered with a 4-in. thickness of mineral wool. The length of the 
covering is 20 ft. Its mean diameter is 6 in. The temperature of the pipe is 300° F. 
The temperature of the surrounding air is 90° F. What quantity of heat flows, in 10 
hr., through the covering? 

7. A clean steel boiler tube has a thermal resistance of 0.000,267,2 thoms. If the 
average temperature on the fire side of the tube is 1,500° F., and on the water side 310° F., 
how much heat will flow through it in 5 hr.? 

8. A brick wall is 9 in. thick. What is the thermal resistance through each square 
foot of its area? 

9. The side wall of a brick boiler-setting is 6 ft. high, 15 ft. long and 15 in. thick. 
The average temperature on the furnace-face of the wall is 2,000° F., and on the outer 
face, 190° F. What is the heat-power loss through the wall? 

10. The white-hot fuel in the fire-box of a locomotive-type boiler is at a temperature 
of 2,400° F. The crown-sheet temperature is 700° F. If the fire temperature is raised 
to 2,600° F., how much more heat per hour will the crown-sheet receive by radiation 
from the fire? 


DIVISION 6 
EFFECTS OF HEAT 


153. The Three Possible Effects Of Adding Heat To A Sub- 
stance Or Abstracting Heat From It were stated in Sec. 54, as 
(1) Change of temperature. (2) Change of state. (3) Ezter- 
nal work. In this division, it will be shown what changes in 
bodies may accompany these three fundamental effects of heat 
transfer. Some of these changes will then be treated more in 
detail in following divisions. In all cases, the aim shall be to 
discuss principally such changes as affect practical applica- 
tions of heat, such as power plants, heating of buildings, 
refrigeration, and industrial systems generally. 


Nory.—Tue Appirion Or Asstraction Or Heat CuHancres THE 
“Propyrtins” Or A Supstance AND THEREBY PERFoRMS “PROC- 
pESsES.”—A property of a substance is any characteristic of the substance 
which may be used to describe the substance or to describe what the 
substance is capable of doing—some properties are shape, size, density, 
temperature, state, taste, color, odor, solubility, strength, electric 
resistance, thermal resistance, chemical composition. A process is 
simply a change in one or more of the properties of a substance. In 
this division will be discussed some of the processes which accompany 
the addition of heat to or the abstraction of heat from substances. 
Also, since ‘“‘change of temperature” is a process which frequently 
accompanies the addition or abstraction of heat, the influence of tem- 
perature on the other properties of substances will be discussed. The 
processes and properties which will be treated include: (1) Hxpansion and 
contraction, Secs. 159 and 160, also treated in detail by Div. 7. (2) 
Melting, Sec. 161, also treated in detail by Div. 9. (3) Vaporization, See. 
162, also treated in detail by Div. 10. (4) Sublimation, Sec. 163. (5) 
Chemical combination, decomposition, and dissociation, Secs. 155 to 158. 
(6) Viscosity, Sec. 165. (7) Absorption, Sec. 168. (8) Solution and 
solubility, Secs. 168 to 174. (9) Hlectric resistance, Sec. 182. (10) 
Strength, Sec. 184. (11) Capacity for emitting radiant energy, Sec. 176. 


154. A “Physical Process” is any change which a substance 


is made to undergo without alternation of the arrangement of the 


atoms which compose its molecules. Very frequently physical 
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processes are the effects of heat addition or abstraction. Some 
examples of physical processes are: (1) Change in temperature. 
(2) Change in volume. (3) Change in state, as from solid to 
liquid or from liquid to gaseous. (4) Absorption (Sec. 168). 
(5) Solution (Sec. 170). 


Norre.—PuysicaL Processes May Br ‘‘Revpersipte” Or “IRRE- 
VERSIBLE”’ depending on whether, after a process is completed, the 
substance can be returned readily to its original condition. Most 
physical processes are reversible. Thus, water may readily be cooled 
after being heated or it may readily be condensed after being vaporized 
into steam. Some physical processes are, however, irreversible. Thus, 
if a 12-ft. board is cut into two 6-ft. lengths, it cannot again be made into 
a 12-ft. board. 

155. A “Chemical Process”? or Reaction is a change which 
a substance is made to undergo whereby its chemical compo- 
sition (the arrangement of the atoms in its molecules) is altered. 
Chemical processes are, in general of four kinds: (1) Combina- 
tion, wherein 2 or more substances combine to give 1 substance. 
(2) Decomposition, wherein 1 substance is changed into 2 or more 
substances. (3) Displacement, 1 element and 1 compound 
combine to give 1 other element and 1 other compound. 
(4) Double decomposition, wherein 2 compounds give 2 
different compounds. Nearly all chemical processes are 
attended by the liberation or continual absorption of heat. 

Examrptes.—lI a strip of magnesium is lighted with a match, it takes 
fire and ‘‘burns”’ with a white flame. This (and every other) burning 
is actually a chemical combination of the material burned and oxygen 
from the air. If some mercuric oxide (red oxide of mercury) is heated in 
a test tube, globules of mercury will deposit on the cooler walls of the 
tube and oxygen (gas) will pass out of the tube—a lighted match placed 
in the mouth of the tube will glow in the oxygen. The mercuric oxide is 
“decomposed” into mercury and oxygen. If some bits of zine are placed 
in a tube with some dilute hydrochloric (muriatic) acid, a gas will be 
evolved at the surface of the zinc. This gas will be found to burn with a 
pale blue flame—it is hydrogen. Here “‘displacement’’ oecurs—the zine 
(element) and the acid (compound) react to form hydrogen (element) and 
zine chloride (compound). In the purification of water, a solution of 
lime (calcium hydroxide) and a solution of ferrous sulphate (copperas) 
are frequently introduced into the water which is to be purified. These 
two compounds, by “double decomposition,” form ferrous hydroxide and 
calcium sulphate—the hydroxide forms into small flakes which slowly 
settle and carry with it the impurities which may bein the water. More 
examples of chemical reactions are given in succeeding sections. 


Src. 156] EFFECTS OF HEAT 133 


Norsr.—Tue Distinction Between A “‘CuemicaL” Anp A “ Puys- 
1cAL”’ Procuss is this: Chemical processes have to do only with changes 
in the arrangement of the atoms within the molecules, whereas physical 
processes have to do only with changes exterior to the construction of 
the molecules. This distinction is important. 


156. Dissociation Is A Reversible Decomposition.—Not 
all decompositions are reversible. If a piece of wood is heated 
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Fic. Hos eee, water into hydrogen and oxygen—oxygen unites with hot 
iron forming iron oxide. Heat must be supplied, however, to maintain the 
decomposition. Hence, the heat is ‘‘absorbed”’ in the process. 


in a closed vessel (so that no air can reach the wood), the piece 
will be decomposed, by the absorption of heat, into charcoal 
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Fia. 146.—The oxybydrogen blow-pipe is chang- 
ing hydrogen and oxygen gases to steam (water 
vaporized). Animmense amount of heat is given 
off—liberated. 


and some gases. The charcoal and 
the gases cannot, however, by man 
be made to re-combine to form wood. 
Hence, the decomposition of wood 
is zrreversible. On the other hand, however, water can be 
decomposed (by an electric current or by heating to a very 
high temperature) into two gases, hydrogen and oxygen (Fig. 
145). These gases will again combine, if mixed and ignited, 
to form water (Fig. 146). During the combination, as much 


134 PRACTICAL HEAT [Drv. 6 


heat is liberated as was absorbed when the water was decom- 
posed. Hence, the decomposition of wateris a reversible 
chemical process. 

157. The Addition Of Heat Energy Is Necessary To Effect 
Certain Chemical Processes. However, Heat Energy Is 
Liberated By Most Chemical Processes.—As was explained 
in Sec. 28, energy of some sort is either required to effect or is 
liberated by every chemical process or reaction. It is the 
purpose here to give consideration to those chemical processes 
whereby only one kind of energy, heat energy, is either absorbed 
or liberated. Those chemical changes in which heat energy is 
liberated are called exothermal processes. Those in which heat 
energy is continuously absorbed are called endothermal proc- 
esses. The amount of energy which is absorbed or liberated 
by the different chemical processes is usually determined 
initially by experiment; values are given in chemistry books 
and in handbooks such as the ‘Smithsonian Institute Tables.” 
The amount of heat energy liberated or absorbed by a chemical 
reaction may in many cases, be determined with a calorimeter; 
see Sec. 456. The absorption or liberation of heat are not 
necessarily evidences of chemical processes. All physical 
processes are similarly accompanied by heat transfers. 
Examples are heating due to rubbing or percussion and the 
heat released or absorbed during changes of state (Sec. 54) of 
matter. 


EXPLANATION.—One pound of every substance (at a given tempera- 
ture and under a given pressure) contains: (1) A certain definite amount 
of chemical energy. (2) A certain definite amount of matter. See Sec. 28. 
The amount of matter in the substance can be determined quite accu- 
rately by weighing. But there is no way in which the total amount of 
chemical energy in it can be determined. ‘This chemical energy was 
imparted to the atoms of the substance both when they were first evolved 
and possibly, also at later times, whenever the atoms were parties to 
chemical reactions. Thus chemical energy, of an unknown amount, 
normally resides ‘“‘bound in”’ or latent in every substance, 

However, if a chemical process occurs whereby the molecules of given 
weights of two or more substances are disrupted into their constituent 
atoms which atoms then recombine to form the molecules of a new 
substance or substances, a definite amount of energy is either absorbed or 
released during the process. The amount of heat energy (in, say, British 
thermal units) which will be absorbed or released by any chemical reac- 
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tion between given weights of two or more substances must, apparently, 
be determined by experiment; there seems to be no way, except in certain 
special cases, to compute it. In most cases, the energy is thus absorbed 
or liberated as heat energy. If heat energy is absorbed, it is auto- 
matically transformed into chemical energy which then resides latent 
within the new substance or substances. If heat, energy is liberated, it is 
energy which was transformed from part of the chemical energy which 
formerly resided—latent—within the original substances. I!xamples of 
the amounts of heat energy thus absorbed or liberated by certain chem. 
ical reactions are given below. 

Hence, it is evident that if heat energy is liberated by a chemical 
reaction, this energy is part of the store, of unknown amount, of chem- 
ical energy which formerly resided within the molecules of the sub- 
stances. Possibly a part of the liberated heat is derived from each of the 
original substances which were parties in the reaction. If heat energy is 
absorbed by a chemical reaction, the energy thus added goes to increase 
the store of chemical energy in the molecules of the resulting substance 
or substances. Somehow or other, chemical energy is necessary to 
“hold” the atoms in the molecules, different amounts of it being neces- 
sary for different kinds of atoms and molecules. So when the molecular 
structure—tNe substance—is changed, the chemical energy must be 
either released or absorbed. 

When a compound is decomposed into its constituent elements, the 
amount of heat absorbed or liberated is exactly the same as that which 
was evolved or absorbed in the original formation of the compound. 
When both combination and decomposition are involved in a complex 
chemical change, the heat liberated or absorbed is the net result of the 
two reactions. 

ExampLe.—When water is decomposed, see equations below (Fig. 
145), by any process whatsoever, into oxygen and hydrogen, heat energy 
is absorbed. When oxygen and hydrogen combine (lig. 146), as in 
combustion, much heat energy is liberated. 


158. Thermochemical Equations are equations which show 
not only the chemical reaction of a process but which also 
show the amount of heat absorbed on liberated by the process; 
examples follow. The subject can be considered only very 
briefly here; for further information see some good modern 
textbook on chemistry. In the following equations, which are 
merely the records of many experiments, each symbol stands 
for a chemical element thus: C = carbon. O = oxygen. 
Cl = chlorine. Now achemical equation is: 


(84) C + Oz = COz 


which means that 1 atom of carbon, a solid, will combine with 
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2 atoms of oxygen, a gas, to form one molecule of carbon 
dioxide gas. A corresponding thermochemical equation is: 
(85) 1 1b. C + 234 Ib. O = 334 Ib. CO2 + 14,650 B.t.u. 
which means that 1 lb. of carbon will combine with 224 Ib. of 
oxygen gas and form 3 lb. of carbon dioxide gas and further- 
more that during this process 14,650 B.t.u. of heat energy 
will be liberated. If 2 lb. of carbon combined with 5)¢ lb. 
of oxygen the result would be 714 lb. of carbon dioxide gas 
and the liberation of 29,300 B.t.u., and so on. The chemistry 
books show that an atom of Reson weighs 114 times as much 
as an atom of carbon. This means that (since two atoms of 
oxygen will combine with one atom of carbon) the weight of 
oxygen necessary in For. (85) will be: 2114 =22¢ times the 
weight of carbon required. Note that the weight of the re- 
sulting substance “324 lb. of CO.” is the sum of the weights 
of the two original substances. The energy, obviously, has 
no weight. Fors. (84) and (85) are very important to the 
steam engineer since they show the underlying reaction for the 
chemical process of the combustion or burning of fuels. 
Combustion is further discussed in Div. 14, which see. 


Exame.es of other chemical and thermochemical formulas are: 


which means that 2 molecules of water (H2O), each composed of 2 atoms 
of hydrogen and 1 atom of oxygen can be decomposed into 4 atoms of 
hydrogen, a gas, and 2 atoms of oxygen, agas. <A corresponding thermo- 
chemical equation is: 

(87) 9 lb. H.0 = .H+8lb. O — 62,100 B.t.u. 


which means that 9 lb. of water when chemically decomposed will 
furnish 1 lb. of hydrogen gas, 8 lb. of oxygen gas and, in addition, that 
62,100 B.t.u. of energy must be supplied to effect the decomposition. 
The minus sign (—) preceding the ‘‘62,100”’ means that this amount of 
heat energy must be added. A plus sign (+) in the same position 
means that energy will be liberated during the reaction. That is: 


(88) 2H2 + O2 = 2H20 
or stating the corresponding thermochemical equation: 
(89) 1lb.H +8 lb. O = 9 lb. H2O + 62,100 B.t.u. 


which means that if 1 lb. of hydrogen and 8 lb. of oxygen are combined 
to form 9 lb. of water, 62,100 B.t.u. will he liberated by the reaction. 
Note that For. (89) is the reverse of For. (87). 
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Nors.—Tupe Ratg At Wuicn A Given Cuemicat Process Is AL- 
LOWED To ProcrEep Has No Inriuugence On Tue Totat AMountT Or 
Heat AssoRBED OR LinpRatep THpreBy.—Thus, a piece of iron may be 
permitted to “burn” slowly by rusting away in many months by com- 
bining with the oxygen of the air. Or instead it may be permitted to 
burn away very rapidly—in a fraction of a minute—in pure oxygen gas. 
But in each case the total amount of heat liberated by the combination 
of the iron with the oxygen will be the same. 


159. “Expansion” Is An Effect Of Increased Molecular 
Motion in a body of matter. (See Div. 7 for extended dis- 
cussion.) When the temperature of a body is increased, it 
expands or increases in size, for the following reason: The 
molecules of a substance (Sec. 46) are not in actual contact. 
They are in motion, constantly vibrating—hitting one another 
and rebounding. When their vibratory motion is increased— 
when the temperature increases—they bounce further away 
from one another. Thus, there is a tendency to increase the 
average distance between the molecules. The cumulative 
effect is an expansion of the whole mass of the substance which 
they form. But addition of heat is the real cause of the pheno- 

on mena, since molecular vibration 
BR ee ial en (Sec. 52) is heat. However, ad- 
/ dition of heat does not always 
(Sec. 54 and 187) cause a tem- 
perature increase and expansion. 
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Fria. 147—Work done by expansion. Fic. 148,—Addition of heat expands metals. 


Exampiy.—A bar of copper (B, Figs. 147 and 148) is longer when hot 
than when cold. 

160. ‘‘Contraction” Is An Effect Of Decreased Molecular 

Motion In A Body Of Matter.—It is the reverse (Sec. 159) of 
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expansion. Contraction is manifested by a decrease in the 
size of the body. When the temperature of a body decreases 
it contracts. The decrease of temperature of a substance 
consists, essentially, in a diminishment of the vibration of the 
molecules of the substance. As the vibratory motion of the 
molecules diminishes. the average distance between them (Sec. 
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Fig. 149.—The ball will pass through Fic. 150.—Raising a weight by heating 
the ring when the ballis cold but will not and cooling a rod. 
pass through when it is hot. 


52) likewise diminishes. The cumulative effect is a contrac- 
tion of the entire body of matter which the molecules form. 


IexaMpLes.—See Fig. 149. Also, a steel collar may be bored to a 
slightly smaller internal diameter than the outside diameter of a steel 
shaft. Thus it will be impossible to 
slip the collar over the shaft when 
both are at normal temperature. But 
the collar may be heated. The ac- 
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Fig. 151.—Work done by expansion of gas. Fie, 152.—Addition of heat causes 
the air to expand and thus increases 
its volume. 


companying expansion will then enlarge its bore until it can be readily 
slipped over the shaft. If it is then permitted to cool to the temperature 
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of the shaft, the collar will gradually contract and will finally grip the 
shaft so tightly as to be immovable. 

Nots.—Externat Work May Br PerrorMep, THroueu THE Expan- 
sion AND CoNnTRACTION Or MatTpriats, By Direct APPLICATIONS OF 
Hxear.—A copper bar (Fig. 147) is heated by the flame of a blow-torch. 
The bar is thereby expanded and lifts a block, of W lb. weight, a distance 
of Lin. The external work performed by the applied heat, in lifting the 
block, may, therefore, be expressed as WL in.-lb. = 1,000 X 0.02 = 20 
in.-lb. By alternately heating and cooling the rod R (Fig. 150) the 
ratchet-wheel could be rotated. External work in raising the weight W, 
might thus be performed by the heat energy transferred from the flame 
to the bar. 

Applying heat to a confined gas (Fig. 151) increases the volume of the 
gas. The gas expands and raises the piston. Thus the heat energy 
which is transferred from the applied flame is, through the expansion of the 
gas transmitted into external mechanical work. In Fig. 152, the addi- 
tion of heat to the air in A expands the air, as is shown by the bubbles 
coming out of the water in B, thus external work is done in forcing out 
the air globules against the force of atmospheric pressure. 


161. ‘“Mélting” Or “Fusion” Is The Transition Of A 
Substance From The Solid To The Liquid State. (Fig. 153.) 
There is, for practically every solid, a 
certain temperature at which that solid 
will melt. This temperature is called the 
melting-point or the fusing-point of the 
substance. See Table 285. Furthermore, 
heat (positive disgregation heat, Sec. 103) 
is always required to effect the change from 
solid to liquid form. Thus, melting is an 
effect of heat addition. This subject is 
discussed fully in Div. 9. 
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Fie. 153.—Melting lead. 

Nore.—‘‘SouipiricaTion” Is Toe Opposire Or ‘Merurina.’” It is 
the transition of a substance from the liquid to the solid state. Heat 


(negative disgregation heat) must be given up by it when a body solidifies. 
Hence solidification is an effect of heat abstraction. 


162. “‘Vaporization” Is The Transition Of A Substance 
From The Liquid State To The Vapor Form Of The Gaseous 
State (Figs. 154 and 155). In general, there is a certain tem- 
perature (depending on the pressure on the liquid) for each 
substance at which that substance vaporizes. This tempera- 
ture is commonly called the point of vaporization or boiling 
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point of the particular substance. Furthermore, heat (posi- 
tive disgregation heat, Sec. 104) must always be added to it 
to change a substance from the liquid to the gaseous state. 
Hence, vaporization is an effect 
of heat. This subject is fully 
discussed in Diy. 10. 


Nore.—‘‘Liqueraction” Or “Con- 
DENSATION” Is THE OpposiITE OF 
VAPORIZATION.—It is the transition 
of a substance from the vapor form 
of the gaseous state to the liquid state. 
(In general parlance ‘“‘condensation” 
means the reduction of a vapor or 
gas to the liquid or solid state or of a 
liquid to a solid or semi-solid state. 
But in technical usage the term is 
usually now employed to imply only 
“the reduction of a vapor to the 
liquid state ’’) Heat—negative dis- 
gregation heat—must be given up by 
it when a vapor liquefies. Hence, 
liquefaction is an effect of heat 
abstraction. 

Notr.—Me.ttine Anp VaporizATION ARE CALLED CONSTANT-TEM- 
PERATURE ProcusseEs because the heat required to effect them is expended 
in disgregation work (Sec. 98) and not in vibration work (Sec. 97) which 
would raise the temperature. 


Fria, 154.—Vaporization is the transition 
from a liquid to a gaseous condition. 
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Fie. 155.—Laboratory methods of vaporization and sublimation. 


When a block of ice melts to water, the temperature of the resulting 
water will (Sec. 96) be that of the original block of ice. A great quantity 
of heat—positive disgregation heat— has, nevertheless, been absorbed 
in this process uf fusioa, Conversely, when a liquid substance solidifies, 
negative disgregation heat is given up by it. 
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Water may be converted to steam (Fig. 156) without a change of 
temperature (Sec. 96). Or steam may be condensed to water (Fig. 157) 
(See. 329) without a change of temperature. In the first instance, 
however, the process can be consummated only by addition of a relatively- 
great quantity of “positive” disgregation heat 
and in the second instance only by a correspond- 
ing subtraction of “negative” disgregation 
heat. 


Atmospheric gp 
(Pressure 


Wolter or Steom-- 
< Condensed: Steam woe Worter- - - 


Fic. 156—Change from Fie. 157—The condenser. The heat added to 
liquid to gas with tempera- water in the boilers to convert it to steam is given 
ture constant but with ad- up in the condenser to the cooling water. Thereby, 


dition of heat’ This process the steam is reconverted into water. 
may be reversed. 


163. Sublimation Is The Direct Transition Of A Substance 
Which Is In The Solid State To Its Vapor Form Of The 
Gaseous State, without its, apparently, passing through the 
liquid state. All solid substances sublime (theoretically at 
least) at any temperature. The process is somewhat similar 
to, but not the same as, vaporization; see explanation below. 
In general, sublimation is a very much slower process than is 
vaporization. Obviously, sublimation can occur only at 
temperatures below the freezing point—or melting point. 
Thus the molecules of a solid substance 
are found in the vaporous condition above Solfo CG (be De tne 
the surface of a solid as well as above °%”" Ceblsieees 
thatof aliquid. Sublimation is of minor 


. . . ? KP) =, 
practical importance in power-plant work aspail x ifs \ 
. . . . . cia aH crystal’ 
but is widely used in the chemical indus- i ee 
} ye 


try as a method of purification. 


Fia. 158.—Some solids 
4 4 4 
EXxAMPLEs.—Snow Anp Ick WILL SuBLIME PASSER Heirs Behe 


even though the temperature of the surrounding —_ out: becoming liquid. 

air is considerably below the freezing point—so 

low that the snow or ice can not melt. Damp clothing, which have been 
hung on a line out-of-doors and then frozen, will become dry in a freezing 
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temperature. If a piece of solid iodine (Fig. 158) is placed on a watch 
crystal, and heat is applied, the iodine will sublime directly into a vapor. 
It will not, apparently, undergo a preliminary liquefaction. The odor 
of camphor will, due to the sublimation of the camphor, be quickly 
recognized, some distance away, if a quantity of camphor gum be exposed 
in a current of air. In general, odors of all sorts, from solid bodies, are 
evidences of sublimation. 

EXPLANATION Or SuspLiimation.—A molecule which is very near the 
surface of a solid body may bounce entirely out of it (Fig. 287) without 
colliding with others. Since such an escaping molecule is already moving 
at an extremely high velocity, it continues in its now unobstructed path. 
Soon, it flies so far away from the body that the remaining molecules (in 
the solid substance) exert no attractive force on the insurgent. The 
molecule, now being free of the restraints which were imposed on it in the 
solid, becomes a gas or vapor molecule. 


164. The ‘“‘Heat Of Sublimation,” sometimes also called 
the latent heat of sublimation, is the amount of heat—usually 
expressed in British thermal units—required to sublime, or to 
convert into a vapor, a unit weight—usually 1 lb.—of the solid. 
The heat of sublimation can be conveniently calculated as the 
difference between the heat content of the solid and that of the 
vapor. At the triple point for the substance (which is that 
temperature and pressure at which a substance can exist in 
either the solid, the liquid, or the gaseous state) it is true that: 
(90) Heat of sublimation = (Latent heat of fuston)-+ (Latent 

heat of vaporization) 
The above For. (90) will also hold quite closely for any tem- 
perature of the solid near the triple-point temperature. More 
accurately, for any given temperature of the solid, the heat of 
sublimation is (very closely) the same as the net amount 
of heat that is necessary to: (1) Warm the solid to its melting 
point. (2) Meltthesolid. (3) Vaporizethe resulting liquid. (4) 
Decrease the temperature of the resulting vapor from that of the 
vaporization to the given temperature at a constant quality of 100 
per cent. This heat to decrease the temperature is a sub- 
straction—not an addition. 

Exampiy.—At 32° I., the latent heat of vaporization for water is 
1,073.4 B.t.u. per lb., as is shown by steam Table 394. The latent heat of 
fusion of ice, from Table 291 is 143.383. What is the heat of sublimation 
of ice at this temperature? SoLtutron.—Substituting in For. (90): Heat 


of sublimation = (Latent heat of fusion) + (Latent heat of vaporization) = 
143.3 + 1,073.4 = 1,216.7 B.t.u. per lb, 
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165. Viscosity Is The Internal Friction Of Liquid, Semi- 
liquid, Or Plastic Substances.—It occurs as the molecules 
flow by one another. Every substance possesses this internal 
friction in some degree. Practically all solid substances, 
acquire, when heated, a tendency to flow. That is, their 
viscosities decrease as their temperatures increase; they 
become liquid, semi-liquid, or more or less plastic. The 
viscosities increase as the temperatures diminish. Thus a 
change of viscosity is an effect of heat. 

Notn.—Txue Frowine TENDENCY—THE DirrERENCE IN Viscosiry— 
Or Susstances Is, Osviousty, THE Cuimr DirreERENCE, BETWEEN 
Sorips Anp Fuvuips. Is is commonly assumed that: A fluid is any 
substance that exhibits a definite flow to ordinary observation. By this 
definition, both the molten iron gushing freely from the tap-hole of a 
foundry cupola, and the stream of thick slag rolling ponderously and 
sluggishly from the slag-hole, are fluids. Likewise, this definition of a 
fluid includes all gaseous substances. However, the definition eliminates 
from consideration all apparently plastic substances, as masses of 
beeswax, mofst putty, building mortar, and the like. 

ExaMpLes.—A wax candle (Fig. 159), whether held horizontally or 
vertically, will ultimately bend under its own weight in a warm room; it is 
highly viscous. A mass of relatively cold pitch, 
apparently hard, is likewise susceptible to 
changes of shape, due to its own weight. 
Bodies of other viscous substances such as 
molasses, honey, tar, oil and similar substances, 
undergo changes of shape somewhat in the 
manner of true liquids, as water, though less 
rapidly. A mass of solid lead, at normal tem- 
perature, will flow when subjected to pressure. 


166. The Viscosity Of A Substance if sarees Canale 
Varies With Its Temperature.—The | 
higher the temperature the less the 
viscosity. The wax of a candle (Fig. 
159) is, normally, quite viscous. It ,oc% no me 
may, however, be readily heated to a room. 
temperature that will vastly diminish its 
viscosity. Under avery high temperature the wax will become 
extremely thin and fluid. The viscosity of lubricating oils 
likewise varies, though to a far less extent, as the temperature 
varies. The quantitative effect of temperature on viscosity 
varies with the different materials. 
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Norre.—Mosury Is, In A Sensz, THE Opposire Or Viscosiry.— 
A very thin liquid, that pours readily and splashes freely, is said to possess 
mobility. 

167. The Specific Viscosity Of A Liquid is the ratio of the 
time consumed by a certain volume of the liquid (Fig. 160), 
at 60° F., in flowing through an orifice, to the time consumed 
by an equal volume of distilled water in flowing, under the 
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Fic. 160.—Showing difference in viscosity Fie. 161.—Showing difference in viscosity 
of oil and water. of hot and cold material. 


same conditions, through an orifice of the same dimensions. 
The quantity of the liquid is usually taken as 50 c.c. (cubic 
centimeters). 

Norr.—Tur Tremprrature In Viscosity Trsts is often taken at 
other than 60° F. It may be 120° F. For many purposes, 212° F. 
may be a convenient test temperature. Whena lubricating oil isintended 
for an engine cylinder using superheated steam, or for an internal- 
combustion engine, the test temperature is correspondingly high. It is 
important that viscosity tests of lubricating oils (Fig. 161) be made at 
the temperatures under which the oils are to be used. 


168. Many Solid Substances Possess The Property Of 
Absorbing Or Liberating Gaseous Substances.—Temperature 
—the degree of heat—is often a determining factor in these 
phenomena. A solids’ capacity for absorbing a gas is generally 
less when the solid is hot than when it is cold. Heat is often 
liberated by the absorption of a gas by a solid. 


Exampuus.—A fine platinum wire, held in a mixture of hydrogen and 
pxygen gases will absorb the oxygen very rapidly. The wire will. 
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spontaneously become heated to incandescense and will finally ignite the 
surrounding gas; see explanation below. Endeavors have been made to 
utilize this principle (Figs. 162 and 163) in the making of gas-lighters. 

A quantity of wood charcoal (Fig. 164) will absorb a quantity of gas 
which, normally, may occupy many times the volume of the charcoal. 
Boxwood charcoal will absorb a volume of ammonia equal to 90 times its 
own volume. Likewise, it will absorb 35 times its own volume of carbon 
dioxide. 


SUD orting 


Fie. 162—A gas lighter. Platinum Fie, 163.—A platinum-wire 
black glows duetogasabsorption. Plati- gas igniter. 
num wire is thereby heated, becomes in- 
candescefit and lights gas. 


EXPLANATION.—It is claimed that all solid substances will, at their 
surfaces, exert an attraction on the molecules of gases with which they 
are in contact and that this attraction is of such a nature that a more or 
less thick layer of the gas is condensed on the surface of the solid. Thus, 
solids such as charcoal, which because of its porous structure exhibits a 
large external surface, will “‘absorb”’ more gas than structurally dense 
solids. The attractions of the molecules of different solids and different 
gases arenotthesame. Freshly made dogwood charcoal (used in making 
the best gunpowder), when pulverized immediately after its preparation, 
often takes fire spontaneously on account of the heat liberation which 
accompanies the condensation on its surfaces of oxygen from the air. 
Likewise, when platinum in a finely 
divided state known as platinum AMIMONIA GotS---~. 
black (Fig. 162) is placed in a fei 
mixture of oxygen and hydrogen, 
the oxygen rapidly condenses on 
its surface and gives up its latent 
heat of vaporization (Sec. 322). 
This raises the temperature of the 
surrounding particles of gas to the 
point where they combine slowly. Fie. 164.—Illustrating absorption of a gas 
This slow burning, however, gives by a solid. 
off much heat to the surrounding 
particles. Hence, the temperature of the gaseous mixture quickly 
reaches a value which explodes the mixture. 

‘0 
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Note.—Tue GaAs-ABSORPTIVE PROPERTY Or CHARCOAL RENDERS i? 
VaLuABLE For CounrTEerAcTING THE Noxious Erricts Or Gaszs 
ResuLtTine From Anmaut AND VEGETABLE DEcAy.—It is commonly used 
for clarifying the air in the holds of sea-going vessels, and in tunnels. 
Charcoal made from nut shells is extensively used in gas masks for absorb- 
ing poisonous gases. 
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Fig. 165.—Showing variation of solubility of carbon dioxide in water with variation of 
temperatures. (Plotted from Smithsonian Tables. ) 


169. Liquid Substances Possess The Property Of Absorb- 
ing Or Liberating Gaseous Substances.—A liquid will gener- 


ally absorb (Fig. 165) more gas when it is cool than when it is 
hot. 
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Fig. 166.—Showing effect of heat on the Fie. 167.—Air absorption of water 
amount of ammonia gas held in a water at various temperatures. 
solution. (Plotted from values in Marx's 
“Mechanical Hngineers’ Handbook.’’) 


lx aAMPLES.—Ammonia gas is readily absorbed (Fig. 166) by cool water. 
The resultant mixture is known, commercially, as aqua ammonia 
(ammonia water). Boiling will expel the gas from a mass of aqua ammo- 
nia. These principles are utilized (Sec. 637) in the operation of absorption 
refrigerating systems. Water (lig. 167) is always impregnated, more or 
less, with air. Slow heating of a quantity of cool water (Fig. 168) causes 
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small bubbles to appear. These are due to release of air from the liquid. 


Fish breath air from the water in which they li 


ve. 


Novre.—PRrRE-EXPULSION Or OxyGEN AND OTHER Gases From THE 
BorteR FEED WaTER IN Power Puants Is Orrman NEcESsSARY.—Such 


gases might otherwise become distilled from the 
water after it enters the boilers. Thus they 
would be rendered free to form corrosive acids 
within the boilers. By preheating the feed- 
water (Fig. 169) much deleterious gas may be 
driven off. 


170. Many Solids Are Soluble In 
Liquids.—If a small permanganate-of- 
potash crystal is dropped into a vessel 
of water, the adjacent water will, im- 
mediately, become colored. By degrees, 
all of the water will become colored. 
The crystal has dissolved in the water. 
Similarly, if sugar crystals be placed in a 
tumbler of water, they will dissolve 
therein. The water will become sweet. 
Heat is usually liberated or absorbed 


while a solid goes into solution in a liquid. 


an effect of heat. 


Air 
Bubbles 


Fig. 168.—If a glass of 
cold water is placed in the 
“sun’s rays on a hot day 
and allowed to stand until 
warm, small air bubbles 
will cling to surface of 
glass. Air was in solution. 


Hence, solution ts 


Exampies.—Water is a solvent for a greater number of different solids 
than any other known liquid. Alcohol is a solvent for some solids for 
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Fia. 169.—Showing effect of heat on amount of oxygen held in a water solution. 


which water is not. ‘Thus, resin and shellac dissolve readily in alcohol 
but not at allin water. Most greases are soluble in benzine. Beeswax is 
soluble only in turpentine. Sulphur is soluble in carbon bisulphide. 
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171. The Quantity Of A Solid Which A Given Liquid Will 
Dissolve Is Determined By The Nature Of The Substances 


And Their Temperatures (Fig. 170). 


Fria. 170.—Showing the effect of heat on the solubility of various salts in water. 
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Fia. 171.—A hot liquid 
usually dissolves more of a 
solid than will a cold one. 


about three times as much table salt as will alcohol. 
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Fia. 172.—Graphs showing variation with 
temperature of the solubility of various sub- 


stances 


in water. 


Chemistry.” ) 
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“College 


When a 


liquid, at a certain temperature, has dissolved all of a certain 
solid which it will absorb, it will, generally, dissolve more 
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(although sometimes less) of the solid if the temperature of the 
liquid is increased (Fig. 171). The effect of variations in 
temperature on the solubility of various solids in water is 
shown graphically in Fig. 172. It will be noted that common 
salt (sodium chloride) has an almost constant solubility. The 
rate of dissolving of salt is, of course, much greater at a higher 
temperature. Also, the rate of dissolution (rapidity of dis- 
solving) may usually be increased considerably by raising the 
temperature. 


Nots.—A SaturAtTEeD SoLuTion exists when a liquid has dissolved all 
of a substance which it will absorb from the solid form at that tempera- 
ture. The solution is then said to be saturated. 


172. Dissolving Solids In Liquids Often Causes A Tem- 
perature Change.—When there is a temperature change there 
is usually a volume change also. That is, the solution will 
occupy a different volume from the sum of the volumes of the 
solid and, original liquid. Sometimes heat is absorbed; 
sometimes it is given off. The volume of the solution may be 
greater or less than the sum of the volumes of the solid and 
original liquid. Some substances dissolve or unite with water 
with the liberation of much heat. When this occurs, a well- 
defined chemical reaction has usually occurred. 

173. The Vapor Issuing From A Hot Solution Is, Generally, 
Free From Solid Matter.—The solids are left in solution in 
the containing vessel. Hence, if all of the liquid content of a 
solution is boiled away, the total solid portion may thereby 
be recovered. This phenomena is of considerable importance 
in power-plant operation. The solids which are carried in 
solution in the boiler feed water are deposited on the interior 
of the boiler shell as the water is evaporated and passes away 
as steam. Similar solid-matter deposits occur in condensers. 
A somewhat similar phenomena is distillation, (Sec. 345). 

Nore.—Some Sorips Are Herp More Reapiry In Conp-watEr 
Sotutions THan Hot-warterR Soitutions.—This is an additional cause of 
solid-matter deposits in steam-generating vessels. Thus, natural waters 
frequently contain calcium bicarbonate which, when heated to about 
212° F., decomposes giving calcium carbonate, a relatively insoluble sub- 
stance. The calcium carbonate collects on the interior surfaces of the 


‘vessel forming a spongy solid mass. Another salt, calcium sulphate, 
comes less soluble when heated to about 300° F. than when cold. If, 
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due to evaporation, a solution becomes concentrated with calcium sul- 
phate, this salt will settle as a hard, porcelain-like coating inside the 
boiler—it is very difficult to remove and offers great resistance to the 
passage of heat through it. 

174. “Scale” Is The Hard Substance Which Forms On 
The Interior Surfaces Of Boilers And Power-plant Auxiliaries 
Which Carry Hot Water.—Scale is formed (Sec. 345) by 
precipitation and hardening of the solids 
(salts) carried in the cold, or relatively cold, 
feed water. Scale is usually formed from 
“hard”? water. Hard water may be de- 
fined as water which contains in solution 

mineral compounds that curdle or precipi- 
eT RAP cae tate soap when soap is added to the water. 
boiler showing depositof | Important among the many scale-forming 
Seale around it~due t0 solids found in boiler-feed and condensing 

waters are calciwm sulphate, calcitwm car- 
bonate, magnesium sulphate, and magnesium carbonate. 


~Stee! Tube 


Notre.—WHEN Successive InNcrEMENTS Or Tur ABOVE SPECIFIED 
So.ips ARE PRECIPITATED in a containing vessel, as a steam boiler, they 
become cemented (Fig. 173), by absorption of heat from the heating 
surfaces, into a solid and more or less hard coating of scale. Such scale 
clings tenaciously to the metal surfaces. Since scale is a very poor 
conductor of heat, it affects economy very adversely. This subject is 
further treated in the author’s Stram BoriErs. 


175. Heat Energy May Be Transformed Directly Into 
Electrical Energy.—When two dissimilar metals, as anti- 
mony and bismuth, are placed in contact, an electromotive 
force develops at their junction. If the two metals be con- 
nected to form a closed circuit (all parts of the circuit being 
at the same temperature), electromotive forces will also be 
produced at the other junctions of dissimilar metals and the 
sum of all electromotive forces in the circuit will be zero— 
hence no current will flow in the circuit. But if one junction 
of the dissimilar metals is heated, as in Fig. 174, a decidedly 
larger electromotive force will be developed at that junction. 
A current will then flow in the circuit. 


Norr.—Excurt In Tur Construction Or Pyrometmrs (Fie. 175) 
TuHere Are Frew Practicat APPLICATIONS Or Tar ELecrricaL Errrcr 
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Or Hnar.—The current flowing (lig. 175) is an indication of the differ- 


ence in temperature between the hot joint, H, and the cold joint, C. 


sufficient number of thermo-couple cells (Fig. 174) be connected in series, 
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Fie. 175.—Principle of the 
thermo-couple electric pyrom- 
eter for measuring high tem- 
peratures. 


Fic. 174.—The thermopile. 


the resulting battery will furnish enough energy to heat, to incandescence, 
the filament of a small electric lamp. 


r 

176. Light May Be Regarded As An Effect Of Heat.—lIt is 
the visible criterion of radiant energy (Sec. 31). Hence, 
since radiant energy is emitted only by hot bodies, heat may 
be considered as a fundamental source of light. Light waves 
can be shown to also carry radiant heat. This may be shown 
by causing the light to impinge upon surfaces which possess 
certain qualities. A black surface is the best absorber of light. 
A black surface is always found to absorb heat as it absorbs 
light. 

177. ‘Radiant Energy” Is A Vibratory Motion In The 
7Ether.—When an object is heated, the molecules which 
compose it are made to vibrate more rapidly. These particles, 
being in contact with the ether, set it in motion. Thus, the 
vibrations are transmitted away from the object as radiant 
energy. Heat which is transmitted by radiation is radiant 
heat. See Sec. 138 for a further discussion of this subject. 


}ixaMpLEs.—The heat which reaches the earth from the sun is radiant 
heat. A hot stove will radiate heat. The radiant heat from the sun 
will warm the interior of a greenhouse, even when the outside air is cold. 
This proves that the sun’s radiant heat is transmitted through the «ther 
rather than through the air. Radiant energy (light or heat) will cause a 
radiometer (Fig. 176) to rotate. 
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178. Radiant Energy May Be Said To Be Visible Or 
Invisible according to the length of its wave in the ether. 
Waves in the ether may be thought of as similar to the waves 

which travel along the surface of a pool 

, Portiol 
a ay rT of quiet water when a pebble is dropped 
| ay into it. The wave length (see Table 19) 
ce is the distance from the crest of one wave 
to the crest of the next. Aither waves 
have different wave lengths. Waves of 
lengths from about £4,900 in. to}42,000 
in. act upon the nerves of the eye and 
thereby produce the sensation of sight. 


Fie, 176.—Light from the sun or even from a candle 
will cause the radiometer to rotate. The aluminum 
vanes are coated on one side with lamp black which is 
a good absorber of radiant energy. If only a slight 
vacuum exists in the bulb, the vanes will so rotate that 
the blackened sides move toward the light. The explan- 
ation of this action is: The black faces absorb radiant 
energy and are heated thereby. The air immediately 
adjacent to these black faces is also heated. The heated 
air rises by convection and thus causes a slightly smaller 
pressure on the black face of a vane than on its bright 
face. This slight difference of pressure causes rotation. 
But if the bulb is very well exhausted, its rotation will be 
such that the blackened faces move away from the light. 
The explanation of this action is too lengthy to be given 
here; the reader is referred to a good textbook on physics. 
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SN 


Such are called leght waves. Heat waves are longer than light 
waves varying in length from about 142,990 in. to 44,990 in. 


Norr.—Waves SHorter THAN 164,000 In. Do Not Arrecr THE 
Kyn-NnerveEs, hence they are invisible. But some of these short waves 
will cause certain chemical actions—they will cause reactions in the coat- 
ing on a photographic plate. These invisible short waves are called 
ultra-violet waves. 

Norr.—Licut-, Hat- anD Hiectric-waves ARB ALL ASTHER WAVES 
AND Aut TraveL, Av Top Samp Sprep, which is about 186,000 mi. per 
sec. But they differ in wave length, that is, in frequency. Electrical, 
or wireless-telegraph and telephone waves are much longer (they may 
be several miles long) than heat-waves. However, they possess the 
same general characteristics. Herein is evidenced the close connection 
between—or possibly the fundamental identity of—lght, heat, and 
electricity. See the Author’s PracticaLn Exectrric Intumrnation for 
a further and detailed explanation of the transmission of radiant energy 
through the ether. 
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180. Different Wave Lengths Cause Different Color Sensa- 
tions.—See Table 179. When the vibrations of the particles 
of a heated substance become so frequent that 400,000,000,000- 
000 waves are transmitted per second (wave length = about 
144,000 in.) the color sensation of red results. If the sub- 
stance is heated to higher temperatures, its molecules vibrate 
still more rapidly as its temperature increases. Its colors 
then successively are: (1) Red. (2) Blood Red. (3) Dark 
Cherry. (4) Mediwm Cherry. (5) Cherry or Full Red. (6) 
Bright Red. (7) Salmon. (8) Orange. (9) Lemon. (10) 
Light yellow. (11) Straw. (12) Light straw. (13) White. 
flach color corresponds to a certain temperature as shown in 
Table 63. These colors are utilized as temperature indica- 
tion in tempering steel. 


Nors.—WueEn A Bram Or Sun Licut Is Broken UP Into Its Dir- 
FERENT CoMPoNENT Cotors, By Tue InTERPosITION OF A Guass 
Prism in its path, the colors in the resulting spectrwm appear (Table 179), 
in a descending progression as to wave-length, as red, orange, yellow, 
green, blue, indigo, and violet. This shows that the light emitted by the 
sun is due to waves of all visible lengths. We know, from common 
observation, that heat waves are also radiated from the sun. It has 
also been shown by careful experiments that all “light”? waves are, at 
the same time, radiant “‘heat’? waves—that is, that all light waves will 
heat a substance in which they are absorbed. 


181. The Specific Purpose Of All Forms Of Illuminating 
Devices, Or Lamps, Is To Disseminate Ather Waves.— 
In the design of lamps it is particularly sought to secure a 
maximum of lighting effect with a minimum accompaniment of 
heat. Perfection in the operation of a lamp would be attained 
if it emitted light waves only without heat waves. Since, 
however, light waves are at the same time heat waves, the 
desired result has never been realized. Issuance of light with 
practically no liberation of heat may be observed in the physio- 
logical processes of the glowworm and firefly, and in certain 
other phosphorescent phenomena. In these, the rate at which 
the heat is liberated is so slow that the temperature, of the so- 
called ‘‘heatless?”’ light sources, remain low. But artificial 
duplication of these natural processes, upon a commercially 
practicable scale now appears to be unattainable. 
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Note.—An Orpinary Kerosene Lamp, gives off as ight (luminous 
radiant energy) only about 0.04 per cent. of the available energy in the 
oil. The remaining energy is dissipated in the surrounding air as non- 
luminous, radiant energy and in heating the air by conduction. Carbon- 
filament electric lamps give out, as light, only about 0.4 per cent. of the 
electrical energy which they consume. Gas-filled Mazda lamps give out 
about 3.0 per cent. Some highly efficient arc-lamps give out as light 
7.0 per cent. of the total electrical energy which they consume; the 
remainder, 93 per cent., is given out as heat which warms the 
surrounding atmosphere and objects. 

Norse.—Txe Erriciency Or A Lamp Orpinarity Incrnases As THE 
TEMPERATURE Or THE ILLUMINATING ELEMENT INCREASES.—The 
filament-temperature in a gas-filled electric lamp is much higher than in 
any other type of electric filament lamp. ‘This accounts for its rela- 
tively high efficiency. 

Note.—Momentary Repuctions Or Tur Vottace Wuicu OrEr- 
ATES An Execrric Lamp Resutts In Corresponping MomMEntTARY 
DmtmnisHMents OF Its Licutine Errect.—A small voltage-diminish- 
ment produces a considerable decrease in lighting effect. Such fluctua- 
tions of emitted light are due directly to the very slight decreases in 
filament-temperature which attend the momentary drop of voltage. 
On the other hand if the temperature of the filament is kept higher than 
that for which it was designed, the “‘life” of the lamp will be greatly 
curtailed. Hence the importance of maintaining the filaments at as 
high—but at no higher—a working temperature as is consistent with 
considerations of durability is evident. This subject is discussed fully 
in the author’s Practica ELncrrican InLUMINATION and AMERICAN 
ELectricians’ HANDBOOK. 

182. If The Temperature Of An Electrical Conductor Be 
Increased, Its Resistance To Current Flow Will Generally 
Be Increased.—Thus the power available at the receiving end 
of a transmission line may decrease as the temperature of its 
conductors increases. This principle is utilized in certain 
temperature-measuring instruments. See Sec. 669 for a 
description of a resistance pyrometer. 

Nore.—Tue Arrractive Forck Or A PERMANENT Macner is 
decreased by applications of heat. Thus if a horseshoe magnet is heated 
its magnetic strength is decreased. This effect of heat can be verified 
by the following simple experiment: Take an ordinary darning needle 
and stroke it over a permanent magnet a fewtimes. The darning needle 
will then attract other needles; that is, it has been magnetized. If the 
needle is then heated in a flame to a red heat and allowed to cool, it 
will be found that it does not attract other needles anymore; hence it 
has lost its magnetism, 
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184. The Strengths Of Metals May And Generally Do 
Vary With Their Temperatures.—High temperatures (Table 
183—Figs. 177 and 178) generally reduce the strengths of metals. 
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Fie. 177.—Showing percentage varia- Fic. 178.—Graph showing variation of 


tion in strength of different metals with strengths of metals as temperature 
variation in temperature. (Values com- rises. (Plotted from values in MAcHINERY’S 
puted from those of Fig. 178.) HANDBOOK, p. 300.) 


But low temperatures may also produce weakening effects; 
a freezing temperature (32° F.) renders steel, very brittle. 
Other metals also become extremely brittle at low temperature. 


QUESTIONS ON DIVISION 6 


1. What are the three possible effects of adding heat to a substance or abstracting 
heat from it? 
2. What is a property of asubstance. Name several properties. Can properties be 
changed? 
3. Define a process. Give several examples of processes. 
4. What is a physical process? Giveseveralexamples. In this division, what phys- 
ical processes are discussed? 
5. Explain the difference between a reversible and an irreversible physical process 
and give examples of each. Into which class do most physical processes fall? 
6. What is a chemical process? What four general types of chemical process are 
there? Explain each and give examples. 
7. Explain what heat effects may accompany chemical reactions. Give examples. 
8. Define dissociation. What is the difference between a dissociation and a decom- 
position? Give examples to illustrate the difference. 
9. What causes a body to expand? Explain. 
10. What is contraction? 
11. How may expansion of materials be utilized for doing work? Describe two 
examples in full. 
12. What is melting? Fusing? 
13. What is the transition of a substance from liquid to vapor called? 
14. Does the temperature of a substance change while the substance is in process of 
melting? While in process of vaporization? 
15. Does melting or vaporization of a substance require absorption of additional heat 
ky the substance? 
16. Give some examples of the sublimation of solids. 
17. Explain what happens when a solid sublimes. 
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18. What is viscosity? ‘ 

19. How is a solid distinguished from a liquid? 

20. What is the effect of temperature upon the viscosity of a substance? 

21. How does a liquid manifest mobility? 

22. What, in general, is specific viscosity? 

23. At what temperatures are the specific viscosities of substances defined? 

24. How does temperature affect the gas-absorptive property of solids? 

25. Explain fully how gases are absorbed in solids. 

26. Give examples and uses of gas-absorptive solids. 

27. State the phenomena by which the gas-absorptive property of liquids may be 
demonstrated. 

28. What liquid is it that will dissolve a greater number of different solids than any 
others? Name other solvents. 

29. Upon what factors does the dissolving capacity of a liquid depend? 

30. What effect does the dissolving of a solid in a liquid have on the temperature of 
the solution. Discuss in full. 

31. Do vapors carry solids in solution? What is the special significance of this fact 
in power-plant operation? 

32. How is scale formed in a steam boiler? 

83. Describe an apparatus for generating electrical energy directly from heat. Howis 
it used commercially? 

34. What is light? What are some of the characteristics of light? What is the 
cause of light? Whatis color? What is the relation of color to temperature. 

35. Are ordinary lamps efficient in their production of light? What effect do changes 
of temperature of the illuminating element of an electric lamp, produce in the quality of 
the light afforded? 

36. How does temperature affect the strength of metals? 

37. How is the electrical resistance of a substance dependant on its temperature? 
What commercial use is made of this fact? 


DIVISION 7 


EXPANSION AND CONTRACTION OF SOLIDS 
AND LIQUIDS 


185. “Addition Of Heat Causes Expansion, Withdrawal Of 
Heat Causes Contraction” (Fig. 179) is, in general, true for 
all substances. There are, how- 

: c Circular 
ever, certain exceptions; see Sec. ‘tole 
187. This subject has already ~ 
been discussed, briefly, in Sec. 
159. There it was explained 
that addifion of heat causes an 
increase in molecular vibration. Hae 

: . Fie. 179.—Heat expands objects. 

Hence, expansion results. With- (When cold, both the hole H and ball B 
drawal of heat causes a decrease are of the same diameter, then B will 
- . ° just pass through H. But, when B is 
in molecular vibration. Thereby, Heated Gh che ene ah BO 
contraction ensues. In this 
division, the subject will be treated in more detail. 

186. Expansion And Contraction Of Solids will be consid- 


ered first. In general, when the temperature of any solid is 
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Fie, 180.—Girder bridge with provision for expansion (bridges over 100 ft. long 
usually have roller bearings; from 50 to 100 ft. span may have friction shoes instead of 
roller shoe). 


increased, it becomes larger. When its temperature is 
decreased, it becomes smaller. Many examples of these 


phenomena are familiar to all. 
159 
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Examp.es.—Electrice wires on pole-lines sag further on a hot day than 
on a cold day. Railway track-rails expand on hot days, and buckle. 
This may cause wrecks. Steel bridges have expansion joints (Figs. 180 
and 181), so that expansion of the span will not cause damage. Wagon 
tires are heated to render them sufficiently large to fit over the felloes; 
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to Accommedorte Expansion and Contraction 


Fie. 181.—Swinging-link expansion joint used in reinforced-concrete viaduct. 


in cooling, the tire contracts and renders the whole very rigid. In making 
machinery, metal collars are, often, expanded by heat and then allowed 
to shrink firmly onto shafts. Brick power-house chimneys are often 
made double so that excessive expansion of the inner shell will not affect 
the outer. A heated journal in a bearing may expand and become 
siezed. 


aa Thermometer 
Reads 10°F 


Hollow Ba// 


Filled With ere Plug 


Ball Is 
Cracked 


LPlugging Boil I-cooling m-Resutt 


Fie. 182.—Illustrating the effects of freezing in a closed vessel. A hollow cast iron 
ball filled completely with water and plugged is placed in a pail containing ice and salt. 
As the water freezes, it erpands and the force of expansion breaks the ball. 


187. Exceptions To The General Rule That Heating 
Expands Substances And Cooling Contracts Them are these: 
As water is cooled, it contracts until its temperature has 
decreased to 39.2° F. (4° C). But as it is cooled further, it 
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expands. It may solidify intoice. But, as is common knowl- 
edge, ice occupies greater volume than the water from which 
it forms and may, in freezing, break pipes (Fig. 182) and split 
rocks. See following Sec. 209 for a further discussion. The 
metals iron, antimony, and bismuth contract on melting and 
expand on solidifying. The contrary might reasonably be 
expected since, obviously, melting requires the addition of 
heat. On the other hand, certain other metals—gold, silver, 
and copper, for example—expand in melting and contract in 
solidifying. Hence, these latter metals cannot conveniently 
be cast but must be stamped. 

188. The Amount Of Expansion For The Same Temperature 
Increase, Is Different in Different Substances.—Likewise the 
amount of contraction, for the same temperature decrease, is 
different. These facts have been verified, experimentally, 
many times. This property is utilized practically in a number 
of different devices, as explained in the examples below: 

ExaMPLE.—Rubber (see Table 192) expands 0.000,042,8 of its length 
for each degree Fahrenheit temperature increase. Cast brass expands 
0.000,010,4 of its length per degree Fahrenheit. Thus, the expansion of 
the rubber is about four times as great as that of brass. Hard glass, 


however, expands only 0.000,003, 3 of its length per degree Fahrenheit 
increase. 
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Fie. 183—The compound bar (cold Fia. 184.—Home-made thermometer 
and heated). operating on the compound-bar princi- 
ple. (L. Pyle in Popular Mechanics.) 
ExamPLe.—If two similar strips of metal which expand at different 
rates are fastened together (Figs. 183 and 184) by riveting or welding, 
the strains which occur when the compound bar is heated will cause the 
bar to bend, somewhat as shown in the illustration. This principle is 
applied in various devices and instruments. ‘The bending is due to the 
fact that the length of one of the component strips increases more for 
the same temperature rise than does the length of the other. 
ExamMpLe.—Tuermostatic Mmtrau (Figs. 185, 186 and 187) is made 
by welding together permanently, through their entire length with the 
11 
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oxyacetylene flame, two strips of metal which have widely different 
expansion coefficients. It is used for temperature indication, tempera- 
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ture control, or temperature compensation in: oVen thermometers, 
electric heaters, ice machines, refrigerators, thermostats, automobile 
ignition control, battery-charging 
control, electrie-signal control, and 
carburetors. 
Exampite.—The thermostat 
: (Fig. 188) operates on the com- 
) pound-bar (Fig. 183) principle. <A 
dy RE REH OIE thermostat may be used for closing 
the circuit in an _ electric-signal 
system, to sound an alarm, if the 
temperature becomes excessive. 
Thermostats are also used to regu- 
late the dampers in heating 
systems. Thereby, they provide 
automatic heat control. When 
Fia, 187.—Showing probable apparatus {he room becomes too warm, the 


employed in testing thermostatic metal thermostat-bar bends in one direc- 
strip in determining the values from which : 


Fig. 185 was plotted; the metal strip was tion and completes the damper- 
probably enclosed in a tube wherein any closing circuit. If the room be- 
desired temperature would be provided. gomes too cool, the thermostat-bar 


The values from which Fig. 186 was plotted bends in the other direction. and 
were probably obtained by permitting the y 


metal to deflect free—that is, without using completes the damper-opening 
the spring balance. circult. 
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Exameie.—Clock pendulums will, due to temperature changes, 
yary in length, unless some compensating arrangement is provided. 
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‘ Fie. 189.—Pendulum with wooden 
: supporting stem to minimize effects of 


‘ expansion and contraction. 
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Fie. 190.—Compensated pendulum. Fie. 191—Compensated balance wheel 


for a watch. 


Variation in pendulum length may cause the clock to run either too 
fast or too slow. Wooden stems (Fig. 189) are sometimes used because 
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(see Table 192) wood expands and contracts but slightly with changes 
in temperature. In the compensated pendulum (Fig. 190) there is, 
practically, no change in the effective length, L. When the metal bars 
B expand, they tend to lengthen the pendulum. But bars A, which are 
of a different metal, expand more than do bars B; this tends to shorten 
the pendulum. The lengths and the materials of A and B, are so 
ue selected that the actual pendulum 
length, L, is always, under reasonable 
temperature conditions, the same. 
ExampLe.—The compensated 
balance wheel (Fig. 191) of a watch 
is so made that the ends H# of the 


Copano 


Voilve segments adjust themselves according 
to the temperature of the wheel. 
_ Voilve 
Vulconizeod! NV | || 
Rubber--~ - --\y ss i+ | 
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Fie. 192.—‘“‘Davis”’ steam-radiator Fie, 193.—The ‘‘Onderdonk”’ radiator 
air valve. (When RF is surrounded by air valve. (Float F, closes valve, V, if 
steam it expands and closes valve, V. water enters it. Bar, B, closes V after 
Or, when water enters the chamber, steam has entered it. The valve remains 
float, F’, rises and closes V.) open when there is only cold air in it.) 


Thereby, the watch is caused to run at a constant speed. If the balance 
wheel were not ‘“‘compensated,” the temperature would affect the speed 
of the watch. When warm, the oil would be thinner. Also, the dia- 
meter of the wheel and the length of the hair spring would be greater. 
When cool, these effects would be reversed. With a properly compen- 
sated wheel, they are, practically, of no consequence. 

ExamMpie.—Arr VAtvus InN StmaAM-HBATING RapraTors (Figs. 192 and 
193) may be automatically controlled by utilizing the compound-bar 
principle (Fig. 193) or by the expansion (Fig. 192) of a rubber post. 


189. Expansion May Be Considered Under Three Different 
Headings: (1) Lineal expansion, which is increase in length. 
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(2) Surface, superficial, or areal expansion, which ws the increase 
in area of a surface when it is heated. (3) Volumetric expansion, 
which ts increase in volume. Obviously, there may likewise 
be lineal contraction, superficial contraction and volumetric 
contraction. Each of these phenomena will be considered. 

190. The Coefficient Of Lineal Expansion is defined as the 
ratio of the increase in the length of a bar of material to its 
original length when the temperature of the material is increased 
1° F. (or C.). A more practical] definition is (Fig. 194) 
this: The coefficient of lineal 
expansion ts the increase inlength, 
in inches, due to a temperature 
increase of 1° F. (or C.) in a bar 
of the material which was 
originally 1 in. long. It is the 
increase in length, in inches per inch of original length, per degree 
temperature difference. 


Nore.—A Corrricient Or Expansion Can Br Optainep By Con- 
SIDERING THE DEcREASE IN LeNGTH, due to a temperature decrease, as 
well as by considering the increase in length, due to a temperature 
increase. Hence, the same coefficient is used in computing either con- 
traction or expansion. ‘Table 192 specifies some coefficients of lineal 
expansion. 


191. A Coefficient Of Expansion Computed On The Basis 
Of The Above Definition Is Not Absolutely Accurate.—The 
exact value of an expansion coefficient depends upon the 
temperature at which the coefficient is determined. Likewise, 
the coefficient values given in Table 192 are not strictly accu- 
rate for every temperature. But the expansion coefficient 
values of any material differ, at different temperatures, from 
the values of the table so little that the errors which they 
may introduce through their application are of absolutely 
no consequence in any practical problem. A similar situation 
obtains for coefficients of areal or surface expansion (Sec. 199) 
and cubical-expansion coefficients (Sec. 202). For pure 
metals, the coefficient generally increases with the temperature. 
For alloys, there appears to be no general rule. 


Exampuie.—As taken from the SmirHsonrIAN PuysicaL Tapuss, the 
coefficient of lineal expansion of aluminum at 100° F. = 0000.,012,8; at 
1,112° F, = 0,000,017,5, 


kk --AtG, +1) Deg, Foihr: Length=(1+e1) In.---4 
cal] 


Fig. 194.—Illustrating coefficient of 
lineal expansion, 
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192. Table Showing Coefficients Of Lineal Expansion Of 
Some Common Materials.—The tabulated values are equi- 
valent to the expansion (or contraction), in inches, in each 
1 in. original length, for each 1° F. increase (or decrease) 
The values given here are the average 


values of the coefficient of lineal expansion between the tem- 
‘peratures 32 and 212° F. 


in temperature. 


Average Average 
, coefficient : : coefficient 
Material, metals ee lneal Material, various of lnéal 
expansion expansion 

Aluminum......... ORO00FOL2ZRS al/MS cic ka eee | 0.000, 003 ,1 

Aluminum bronze. .| 0.000,009,4 || Carbon, coke...... 0.000, 003 ,0 

ANMUUINOIMD Zs oo 955.00 ¢ 0.000,005,8 || Cement, neat...... 0.000, 006 ,0 

IBracsmcastaenemeee 0.000 ,010,4 || Concrete.......... 0.000 , 008 ,0 

IBRaSsmville seein 0.000,010,7 || Glass, thermometer | 0.000,004,5 

Bronzestarnace cerca OZ000R010- OF (Glass) hardens ee 0.000, 008 ,3 

Copper............| 0.000,009,3 || Glass, plate and | 

German silver......| 0.000,010,2 || crown............| 0.000,005,0 

COC sonacooc can al, OR OOO WO CF CRO, anos ook 0.000 ,004,8 

Lb, WO 5 o.56 on 6 ol) OOOO OWE. 7 II Creyelonnie, os 6 55 | 0.000, 004, 4 

iron ac eee 0.000,005,9 || Limestone.........) 0.000,001,4 

Tron, soft forged....| 0.000,006,3 || Marble............ 0.000 ,006,5 

IRON, WANDA coo a nance 0.000,008,0 |} Masonry, from.....) 0.000,002,5 

UEC souccoo nao vou) OKOWO, Oils a! CONCH ee ees OROOUROOD SO 

Magnesium........| 0.000,014,5 Porcelain..........| 0.000,001,7 

Phosphor bronze. ..| 0.000,009,4 || Rubber........... | 0.000 ,042,8 

Silvers) oascss- ee) 0,000,010;7 ||| Vuleanite: ae...  0.000,040,0 

Olde peaeraee erate 0.000 ,013,4 || Wood, oak: 

Steel, Bessemer: parallel to fiber. .| 0.000, 002,7 
rolled hard...... 0.000, 005 ,6 across fiber......| 0.000,003,0 
rolled soft....... 0.000,006,3 |; Chestnut: 

Steel, nickel (10% parallel to fiber...) 0.000,003 ,6 
Ni) ieee 0.000, 007 ,3 across fiber......| 0.000,001,9 

ABN ooo5d cep odao reel AOU SON soe | Netw 

Type metal....... 0.000 ,010,8 parallel to fiber. .| 0.000,005,3 

LUCA Pe eT 0.000,016,5 |) Pine: 

Phi) (CEB os 006606 0.000 ,010 ,6 parallel to fiber. .| 0.000 ,003 ,0 
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193. Apparatus For The Determination Of The Coefficient 
Of Expansion utilizes the general principles indicated in Figs. 
195 and 196. For tests where precise values are unnecessary, 
an equipment, similar to that of Fig. 195 may be used for 


This Enof 
H Helol Solicl-. 
H*---Thermometer j 


This End Free Steam ork, 
' to Expand 212'F, M 


Exhoust 332 
Steom--~ : 


--Scole 


Fie. 195.—An apparatus for determining the coefficient of lineal expansion. 


determining the lineal expansion of metals. For a very 
accurate determination, microscopes (Fig. 196) may be 
employed for measuring the increase in length. 


1 Microscopes for Meosuring------------- } 
l_aa Lengths Accurately fet 


“*---yicrometer Adljustments----~" 


4----Thermometer for 

f Measuring 

Temperature es ee 
Increase : eooe? 


Worter ! 
Tank-- 


! Bor of Metal 
Support Under Test 


Fie. 196.—Equipment for precise coefficient-of-lineal-expansion determinations. 


194. The Formula For Computing The Coefficient Of 
Lineal Expansion, which follows from the definition given in 
preceding Sec. 190 is: 


L, — Ly : 
(91) é, = Li(T,—T,) (coef. of linear expan.) 
or, since P= 9 — Ih: 
l 


(92) & = F(T.) (coef. of linear expan.) 
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Wherein: e, = the coefficient of lineal expansion. JL, = the 
length of the material, measured in any unit, at the tempera- 
ture 7;. Ls: = the length of the material, measured in the 
same unit as Ly, at temperature 7». 7 and T',=vrespectively, 
the temperatures in degrees Fahrenheit. | = increase in 
length due to expansion, in the same unit as J. 


Norre.—Ir Tue Orternau Lenertu, 2,, Or Toe Materia Is Unity, 
say 1 ft., and the temperature change is 1° F., then For. (91) becomes: 


(93) er = Lz — 1 (coef. of linear expan.) 


ExaMPLE.—At a room-temperature of 72° F., the length of the copper 
rod A, in Fig. 195, is 24 in. When the thermometer, 7’, reads 212° F., 
the rod length has increased 0.031,2 in. What is the coefficient of lineal 
expansion of copper? Sotution.—Substituting in For. (92): e, = 
U/L,(T, — Ti) = 0.081,2 + [24 & (212 — 72)] = 0.031,2 + (24 X 140) = 
0.031,2 + 3,360 = 0.000,009,3 = coefficient of lineal expansion of copper, as 
shown in Table 192. 


195. The Formula For Computing The Amount Of Lineal 
Expansion Or Contraction When An Object Is Heated Or 
Cooled is this: 

(94) l= elyiT (inches) 


Wherein: J = increase in length due to expansion, or decrease 
in length due to contraction, in inches. J,;=the length of the 
object before heating or cooling, ininches. e, = coefficient of 
lineal expansion from Table 192. 7’ = the temperature 
increase or decrease, in degrees Fahrenheit. (21 may be 
expressed in feet or any unit of lineal measure; then / will be 
in the same unit.) 


Derrivation.—By definition (Sec. 190) the coefficient of expansion ez, 
is merely the expansion increase (or the contraction decrease) in inches, 
per inch original length, per degree temperature difference. Hence, to 
obtain the amount of expansion or contraction, it is merely necessary to 
multiply together the original length, the expansion coefficient and the 
temperature difference. These are the operations which For. (94) 
indicates. 

Examrnin.—An iron rod which is 10 ft. long has its temperature 
raised 25° I’. What is its increase in length? Soturton.—For iron, 
from Table 192, er = 0.000,006,8. Now, 10 ft. = 10 X 12 in. = 120 in. 
Substituting in For. (94), the increase in length is: 1 = erL,7’ =0.000,- 
006,3 XK 120 K 25 = 0.018,9 an. 

Exampin.—A steel bridge is 872 ft. long. The variation of tempera- 
ture in the locality, from the lowest winter to the highest summer tem- 
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perature, is 185° F, What is the maximum change in the length of the 
bridge? Soxtution.—From Table 192, ez for steel = 0.000,006,3. 
Now, 872 ft. = 872 X 12 in. = 10,464 in. The increase in length is: 
lL = ezliT = 0.000,006,3 X 10,464 X 1385 = 8.9 in. 

ExamrpLe.—What will be the change in length of a copper wire, strung 
between two poles which are set 120 ft. apart, when the temperature 
change is 120° F.? Neglect the elasticity and sag of the wire. SoLuTIon. 
—From Table 192, ez for copper wire = 0.000,009,8. Also, 120 ft. = 
120 X 12 in. = 1,440 in. By For. (94); 1 = exLiT = 0.000,009,3 X 
1,440 X 120 = 1.6 zn. 


196. The Formula For Computing The Final Length Of A 
Material After It Has Been 
Heatedag Hie m0 (a iomrivonmm, cette etc) ane 
below. This is the same as fF TY ee 
For. (94) except that the 
original length, Th, is added Fa. 197.—Lineal expansion of bar of any 
in the right-hand member. es 


(95) 4 Le = Ly + Ly4e,T (inches) 
or: 

(96) Le = Iy(1 + eT) (inches) 
or, substituting in (96) for T its equivalent (T2 — 7T:): 

(97) LDL. = Ly + Lnex(T2 — Ti) (inches) 


_ Exampie.—What will be the length of a cast-brass rod, at 200° F’., if the 
length at 40° F., is 20 in.? Sorutron —The lineal-expansion coefficient 
of cast-brass is, from Table 192, 0.000, 010,4. Now, substituting in For. 
40)] = 20 + [0.000,208 160] = 20 + 0.033 = 20.033 in. = length at 
200° F. 

197. For Computing The Final Length Of A Material After 
It Has Been Cooled, For. (97) becomes: 


(98) LT = Ty = Lye,(T 2 = T1) (inches) 


198. Areal, Surface, Or Superficial Expansion (Fig. 198) is 
the increase in the area of a surface when it is heated. It is 
evident that the surface of any material will be larger, after 
heating than before, since the lineal expansion occurs in each of 
its two principal directions. 

199. The Coefficient Of Areal Expansion is taken as twice 
the coefficient of lineal expansion. Strictly, this is not true. 
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But the error which the assumption introduces is of no conse- 
quence, practically. 


EXPLANATION.—Consider a copper plate (Fig. 198) which is 1 Zs 
square. Its area is: 1 X 1 = 1 sq. in. Now if this sheet is heated, it 
e, Will expand lineally in two directions: Both s 
at -length and width become greater by an amount 
ex. Obviously, the sheet is now (1 + ez) in. 
square. Hence, its areais now (1 + ez) X (1+ 
er) = (1 + er)? = 1+ 2e, + ex. Substituting in 
this formula and taking the lineal expansion 
coefficient for copper as 0.000,009 from Table 192, 
the following results: 1 + 2e, + en? = 1 + 
(2 X 0.000,009) + (0.000,009)2 = 1 + 0.000,018 
+ 0.000,000,000,081 = 1.000,018,000,081 = areal 
expansion coefficient for copper. It is evident that 
Fra. 198.—Illustrating the value equivalent to ez?, which is 
derivation of coefficient () 000,000,000,081, is so small that its omission 
bE aren er pansion: from the cocthcient would result in no material 
error. It is, therefore, apparent that for all practical purposes it is 
sufficient to assume that coefficients of areal expansion may be taken 
as twice those of lineal expansion, which are given in Table 192. 


aregiedied, Ared-. 


f ‘ew Be Siege 


ce aS ve Heating ide 
=(+e,)* (1+ 2¢.4 e) Sq. IN., 01: 
f ee tely(+2e,) 5a i 


“Therefore:es= 261." 


k- a tengiie r= 
kL Length=(+e,) In-- 


200. The Formula For Computing Increase In Area, Due 
To Areal Expansion, which follows from the statements of Sees. 
198 and 199, is this: 


(99) A = esA,1T (square inches) 


Wherein: A = increase in area, due to expansion, or decrease 
in area, due to contraction, in square inches. es = coefficient 
of areal expansion = 2 X lineal-coefficient value from Table 
192. 7’ =the temperature increase or decrease in degrees 
Fahrenheit. A; = initial area in square inches. A, For. (99) 
may be expressed in square feet or in any unit of areal measure. 
Then A will be in the same unit. 

Exampiy.—A section of street paving which measures 20 X 24 ft. 
is subjected to a temperature difference of 135° F. If the lineal-expan- 
sion coefficient of the material is 0.000,003, what will be the change in 
area? Soiution.—The areal-expansion coefficient will be 2 X 0.000,003 


= 0.000,006. Therefore, the change in area will be, For. (99): A = 
esAiT = 20 X 24 X 0.000,006 X 125 = 0.36 sq. fe. 


201. Cubical, Cubic, Or Volumetric Expansion (Fig. 199) is 
the increase which occurs in the volume of a substance when 
the substance is heated. Cubical contraction is the decrease 
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in volume when the substance is cooled. It is evident from 
Fig. 199 that when a substance is heated, it expands lineally 
in all three directions. The change in volume which results is 
just as definite as a change of length due to lineal expansion. 

202. The Coefficient Of Cubical Expansion (Table 207) is 
assumed to be equal to three times the coefficient of lineal 
expansion, certain values for which are given in Table 192. 
While this assumption (see explanation below) is not absolutely 
accurate, it is sufficiently so for ordinary use. 


ExpLanation.—Assume _ that Original 
the l-in. cube of Fig. 199 has, Voume.. ZY GY 
before heating, a volume of 13 = 1 Yj 
cu. in. After the temperature of : 
the cube has been increased 1° F., 
the cube expands the distance ez in 
each of the three lineal directions. 
Hence, the length of each of its 
sides becomes (1 + ez). Now the 
volume of the heated cube will 
be (eer) 2 (Sen der2 
ez*®) cu. in. Now, as demonstrated pat u b ies 
in explanation under Sec. 199, the Breet 2 tiptoe UNE: Agee 
values equivalent to dex! and ¢.? Fie. 199.—Illustrating the cubical 
will be so small as to be inconsequ- coefficient of expansion (the volume of the 
ential. Hence, they may be dis- corners (i Cz C3 and C's are so small as 
regarded. Therefore, the volume compared with the volume of the whole 
of a heated cube can, with very that ey are disregarded in computing 

the cubical coefficient of expansion). 

small error, be taken as (1 + 3¢z) 
cu.in. In other words, 3ez is the coefficient of cubical expansion. 
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203. The Formula For Computing The Change In Volume, 
Due To Cubical Expansion which follows from the preceding 
discussion and statements is: 


(100) V = 3e:Vif (cubie inches) 


Wherein: V = change in volume, due to expansion or con- 
traction, in cubic inches. Vj, = the original volume of the 
substance, in cubic inches. Other symbols have the meanings 
hereinbefore specified. V, (For. 100) may be expressed in 
cubic feet or in any other unit of cubical measure. Then, V 
will be in the same unit. 


Exampte.—A block of concrete is 30 ft. wide, 17 ft. high, and 4 ft. 
thick. What will be the change in its volume, when its temperature is 
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changed 50° F.? Soxution.—From Table 192, the lineal-expansion 
coefficient for concrete = 0.000,008. Then the cubical-expansion coeffi- 
cient = 3 X 0.000,008 = 0.000,024. The original volume = 30 X 17 X 
4 = 2,040 cu. ft. Now, substituting in For. (100): V = 3e,ViT = 
0.000,024 X 2,040 X 50 = 2.45 cu. ft. 

204. The Formula For Computing The Volume Of Any 
Substance, After It Has Been Heated Or Cooled, Is: 


(101) Vo = Val -b ier 2) (cubic inches) 


Wherein: V2 = final volume, in cubic inches. V, = original 
volume, in cubic inches. ey = coefficient of cubical expansion 
from Table 207, or ey = 3e;, as taken from Table 192. T = 
the temperature increase or decrease, in degrees Fahrenheit. 

205. The Expansion Of Liquids has been mentioned in the 
preceding discussion (Sec. 57) of thermometers. All liquids, 
with the exception of water, as explained below, expand when 
heated and contract when cooled. This property renders 
possible the mercury thermometer. Due to their expansion, 
all liquids increase in volume when heated (except some when 
near the freezing point). In general for any given solid the 
change in volume per degree temperature difference is practically 
the same, regardless of the original temperature under considera- 
tion. But for liquids this is not true. With different lquids 
the change in volume, per degree temperature difference, 
varies somewhat according to the temperature under considera- 
tion; the coefficient is greater at high than at low temperature. 
However, for practical engineering purposes, average values 
(Table 207) may be taken. 

Nore.—Tuae Expansion Or Liquips Is Cupican.—Hence, the pre- 
ceding formulas which were given for computing cubical expansion are 
the ones which are applied for figuring the expansion of liquids. 

206. Coefficients Of Cubical Expansion of Liquids Are 
Difficult Of Accurate Determination.—The liquid under 
observation must be contained in a vessel, the material of 
which has an expansion coefficient different from that of the 
liquid. However, compensation for the possible error, thus 
introduced, may be made. 


Isx AMPLE.—Compensated clock pendulums may be made (Fig. 200 and 
201) with mereury, in glass vessels, constituting a ‘“bob.’’ When the 
rod, k, expands downwardly, the mereury, M, expands upwardly. 
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Thereby, assuming correct design, the effective length of the pendulum 
remains unchanged. 


Suspension 
Rola. 


} |-Mercury 


rar 


Adljusting Fh Pk a 
Nut---# Mercury oyusting Nut. Pendulum 
Fie. 200.—The mercury-com- Fia. 201.—Clock equipped with mercury- 
pensated pendulum. compensated pendulum. 


207. Table Showing Coefficients Of Cubical Expansion Of 
Some Common Liquids And Solids. 


Coeffi- Coeffi- 
Material pene os Material ent 
cubical cubical 
| expansion || expansion 
EGGUOVACIG2 . saatern acd emetic ee 2 GOOD; SO) OliviexOuleneaan einer imme Oe OOO 41: 
AMIGOHO! Cebliy lye pracwueere eee ai 1 0.1000), 611 Petroleum)... .o..es- eee 0.000, 55 
Alcohol (methyl)..............| 0.000,80|| Sodium chloride: 
WS STIZITIOS syoreicveorevegs moa eshena devel one 0.000,77 1.6 per cent. solution... ...|! 0.000,60 
Borzoll iat false stem ieee orn 0.000,70 26 per cent. solution........] 0.000,24 
Calcium chloride 5 to 50 per | fekedbolanhbin ten Ketel na ooocaascoe 0.000, 27 
Celt: SOlMUbLOM sais ee eie ee 0.000,28) Sulphuric acid, 50 per cent. 
Chiorol ori. .Acecs eae 0.000,77) SOLUULOM scared othe crete 0.000 ,45 
Eitherseoceee rtm real) OrOO Le aaliiMiTiT penta. pyrene ainetiueiiceste ce: 0.000, 56 
Gilly cerime@ sens +.a:s, s aisinie aise. euer sin OS O00 28 Widtorweera + areepersxn cralsrelca ctatens 0.000,10 
iy drochlorichacla. nt sei te ee sOUU gui Lee (4 bOls0 walt) hedtetelsierslaireeearn | 000),02 
Hydrochloric acid 50 per cent. Net hdshiabality gc rire ies outer DIO A 0.000,61 
BOLUtLON: sad cae tence oe ete OOOO, 50\| Rockpalitnsemesmemtenen nen 0.000 , 67 
Mercuryicte nants eee ee ieee OMOOO M1 Ole al pining cemieieieesiieiee 0.000 ,40 
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Exampie.—An open tank contains 6,700 gallons of water of 60° F. 
How many gallons will it contain, if the temperature of the water is 
increased to 105° F.? Sonturron.—From Table 207, the cubical coeffi- 
cient of expansion of water is 0.000,1. The change in temperature = 
T = 105 — 60 = 45°F. Now, substituting in For. (101): V2 = Vi(1 + 
evT) = 6,700 X [1 + (0.000,1 x 45)] = 6,730.15 gal. 

208. Liquids Are Practically Incompressible.-—The amount 
which they may be compressed is exceedingly small. Hence, 
when the liquids which completely fill closed vessels are heated, 
the resulting pressure, due to their expansion, may be enor- 
mous. Serious distortions and ruptures in containing vessels 
may result through disregard of this fact. 

Exampue.—In hot-water heating systems an expansion tank is located 
near the top of the building; see Div. 17. Into this tank, the water 
expands, when heated. If the expansion tanks or other suitable arrange- 
ments were not provided, the enormous pressure which would be devel- 
oped in the system by heating of the water might cause valve leakage, 
and the breaking of radiators, valves, or fittings. 

209. The Peculiar Expansion And Contraction Of Water 
(Fig. 202) will now be considered. Since water is the most 
common liquid it will be discussed 
herein at some length. All liquids 


ow 
i 


<i 
Tort 


w 
Ss 


no 
Ss 


o 20 30 4 50 60 
Temp. in Deg. Centigrade 


no 
ies} 


eee Fre, 203.—Expansion of turpentine as 
REECE EEE EH EEE EERE EEE EEE EEE compared to water and mercury (although 


Volume of One Lb.of Wafer inCu. In 


no 


the graphs for mercury and turpentine 
appear to be straight lines, they actually 
curve somewhat. The curvature is too 
Fia, 202.—Graph showing change small to be detectable with the scales 
in volume of water as it is heated, shown.) 
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with certain exceptions, water for example, (Figs. 203 and 
204) contract when cooled. When water is cooled its volume 
changes considerably, as is shown by the graph (Fig. 202). 
But at about 39° F. it is (Fig. 205) at maximum density. 
That is, it weighs more, per unit of volume, at this tem- 
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perature than at any other temperature. If it is cooled below 
this temperature, it begins to expand. This is a peculiar 
characteristic of water. After cooling to 32° F. it solidifies 
into ice and the freezing is 


10a accompanied by farther 
expansion. 
1035 
Notr.—ExPANSION, AT 
FREEZING TEMPERATURE, Is A 
£ 1034 Very Imporrant ATTRIBUTE 
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Fie. 204.—Graph comparing the change in Fuia. 205.—Changein weight of water 
densities of mercury and water at different as temperature is changed. 
temperatures. 


Or Water.—It is Nature’s provision against the oceans, lakes and 
rivers freezing to the bottom. Ice forms at the surface of the water and 
being lighter than water remains there. Thus it covers or blankets 
the water beneath. It prevents the lower strata of water from becoming 
cooled to the freezing stage. 


210. When Water At A Temperature Above 39° F. Is 
Heated, It Expands.—Its density then diminishes and it 
becomes “lighter.”’ That is, its weight per unit of volume 
decreases. This property is very important in certain heating 
processes. 


ExampLe.—When heat is applied to the bottom of a tank which con- 
tains water, a circulation of the water immediately ensues. The stratum 
of water in contact with the bottom is heated. ‘Thus it is caused to 
expand. It becomes less dense, or “lighter” than the water above. 
The cooler, and heavier, water at the top then circulates to the bottom. 
It thereby displaces the heated water, which ascends to the surface. 
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Hot water may thus be drawn from the top of a tank before the entire 
mass of water is heated. 


211. The Expansive Property Of Water Is Utilized In Hot- 
water Heating Systems.—The cooler, and heavier, water 
flows into the boiler, or heating element, at the bottom. 
Therein it becomes (Fig 126) heated and expanded. {t then 
flows through the radiators and gives up some of its heat to the 
air in the rooms. When it leaves the radiators, it is again 
comparatively cool. It then flows down to the boiler through 
the return pipe. A continuous circulation is thus maintained. 

212. Differences Of Expansion And, Therefore, Of Density 
Between Different Parts Of A Volume Of Water Cause 
Currents To Circulate Therein.—These are called convection 
currents. The rapidity with which water may be heated 
depends upon the rapidity of these currents. Without them 
it would be difficult to heat water in any form of vessel, 
whether a teakettle on a kitchen stove or a steam boiler in a 
power plant. Water is a very poor conductor of heat. 
Hence, this property (conduction) is not effective in carrying 
heat quickly to all parts of a mass of water. 

213. Freezing Water Exerts An Enormous Expansion Force 
(Figs. 182 and 206). Ordinarily, one cubic foot of water 
becomes about 1.085 cu. ft. of ice. The 
expansion is about 8.5 per cent. The 
expansion of a body of water, by freez- 
ing into ice, thus amounts to more than 
one-twelfth of the initial volume of the 
water. If water is frozen in a closed 
vessel, the expansion of the ice thus 
formed may, and generally will, rupture 
the vessel, even though the vessel be 
made of iron or steel. 


Compression 


Fia, 206.—The result of 
water frozen in a closed E, ; 
cast-iron vessel. (Actually Hixampie.—A gallon of water contains 231 
the expanding ice, which cu. in. Hence, if a gallon of water freezes to 
aes yeee eb from ice at 32° F., the volume of the ice will be 
1e hole which 1t makes as . 

: 5 93 oe 4 OY, 
dhown in Ries 182.) 231 X 1.085 = 249.64 cu. in. 
Notr.—TuHe Mouecutes Or Water In 

Tue Form Or Ice Are Cioser ToGreTHEer Tuan ArE THe Mouecuues 


Or Liqguip Watrer.— Thus the behavior of water, when passing from 
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the liquid to the solid state, presents no exception to the general law 
(See. 50) which governs molecular action in substances from which 
heat is extracted. The apparent anomaly observed in the expansion 
of ice is explained on the hypothesis that the molecules of ice group 
themselves into erystals. Thus, while the molecules are more com- 
pactly arranged in the ice crystals than in the liquid water, the crystals 
themselves are separated by comparatively large spaces. Hence, the 
net effect of the crystalline grouping of the molecules is an increase 
instead of a diminishment of volume. 


214. The Behavior Of Metals When Changing From The 
Liquid To The Solid State will now be considered. Besides 
water, cast iron, antimony, and bismuth are, perhaps, the 
most common substances which increase in volume when 
freezing or solidifying. When molten cast iron freezes or 
solidifies in a foundry mold, it expands. However, cast iron 
contracts about 1 per cent. while cooling from its freezing 
point to ordinary temperature. Hence, it is often said that 
cast iron shrinks. Unless proper precautions are taken, this 
shrinkage’may break a casting (Fig. 207). With other metals 
(Sec. 187) a contrary effect will be noted; that is, they decrease 
in volume when solidifying. A few common examples of this 
latter class are mercury, gold, and silver. 


Note.—Tue Expansive SOLIDIFICATION Or AntTIMoNy AND ITs Low 
ExpaNsIoN CogrFrFICIENT REenpER Ir Usrerun As A TyYPE-METAL 
INGREDIENT.—The sharp outlines 
requisite in printing type could ope ....+----Mololing Flosk---+--.... 
not be obtained if the cast metal ¢ |... 77" very 
were to contract while solidifying. i27A¢ 
Ordinary type metal is an alloy of 
lead, antimony, and copper. The 
tendency of the antimony to ex- 
pand neutralizes the tendency of ‘hy ie ) Bee 
the other ingredients to contract. se ies oe Be ed 
Thus the volume of the molded Reeates, t SU) rai Neta a 
metal continues constant during j ; 7 

wih Fie. 207,—Shrinkage causes casting to 
transition from the molten to the mate 
solid state. 

Nore.—Expansion Or Antimony WHILE Cootine From Tur Liquip 
To Tue Soup Starz is due to a crystalline arrangement of the molecules 
similar to that which occurs (note subjoined to Sec. 213) in the freezing 
of water. 

Norse.—Tue Grapuation Marks On A PAarTTBRNMAKERS’ RULE ARE 
Spacep FarrHeR Apart THAN Arp THosp On AN ORDINARY STANDARD 

12 


SA 
> 
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Ruiy.—tThe increased spacing, on rules used in the making of patterns 
for iron castings, amounts to 1 in. per ft. This is to insure that the 
patterns will be made enough larger, than the required castings, to com- 
pensate for shrinkage of the solid iron in cooling. 

Norn.—Tue Excessive Contraction Or Gotp AnD Sitver WHILE 
Coouine From Tue Liguip To Tuer Sorip State PREvENTS ACCURATE 
Castine Wits Tuess Mrrats.—The shrinkage of the metal in the mold 
will invariably result in producing warped castings, with rounded and 
blunted edges and corners. Hence, as stated in Sec. 187, in the minting 
of gold and silver currency, the coins are stamped out of the solid metal 
with steel dies. 


215. Table Showing Approximate Lineal Shrinkage Of 
Castings And Forgings (From Marks’ HanpBook, page 294). 


Shrink- Multi- Shrink- Multi- 
Metal age ij Metal age ij 
ratio on ratio ere 
Bar iron, rolled., 1:55 1.018, 2)| Iron, fine grained.| 1:72 (|1.013,9 
Bell metal..... 1:65 WOU S64) beadlaee eeeree 1:92 |1.010,9 
Bismuth: IE 265m 003. si lnsteel castes srl 0 ml LO20n0 
IDEs ooacson || Le@s 1.015,4|| Steel, puddled...) 1:72 |1.013, 
IBrOnZe yee alee LoS 1.015,9|| Steel, wrought.. | 1:64 |1.015,6 
Castiironi..... 1:96 OHO) 4) Minit. sae od oe oe 1:128 |1.007,8 
Gun metal....| 1:134 | 1.007,5)| Zine, cast....... L62 Ole. 


Exampie.—tThe shrinkage of a bell-metal casting, while the metal is 
cooling in the mold, amounts to 1 + 65 = 0.015,4 in. per inch of length 
of the final casting. Hence, the pattern for a bell-metal casting should be 
1.015,4 times as long as the required casting. ; 

ExamPiy.—An iron casting is required to be 3 ft. long, 8 in. wide, and 
2 in. thick. What should be the dimensions of the mold? What will 
be the percentage of shrinkage in the casting? SoLurion.—The volume 
of the casting = (8 X 12) X 8 X 2 = 576 cu. in. By Table 215 each 
dimension must be multiplied by 1.010,4._ Hence, the length of the mold 
= 3 X 1.010,4 = 3.031,2 ft., the width = 8 X 1.010,4 = 8.083,2in., and 
the depth = 2 X 1.0104 = 2.0208 in. Then, the volume of the mold = 
(3.0312 X 12) X 8.0832 X 2.0208 = 594.16 cu. in. Hence, the percent- 
age of shrinkage = [(594.16 — 576)/594.16] X 100 = 3.06 per cent. 


216. There Are Two Conditions Under Which A Solid May 
Expand Or Contract: (1) The expansion or contraction may 
be entirely unopposed by counteracting forces. (2) The expan- 
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sion or contraction, or the tendency thereto, may be opposed or 
restrained in some manner by counteracting forces. Each of 
these conditions will be discussed in the following sections. 
Only unrestrained expansion and contraction 
have hitherto been considered. 

217. A Study Of The Phenomena Of 
Restrained Expansion And Contraction In- 
volves Consideration Of Stresses And Strains 
In Materials——When any substance, as a 
metal wire, is subjected to a pulling force, 
the force tends to strain the substance by 
stretching or elongating it. Coincidentally, 
a stress, which tends to oppose deformation 
by the pulling force, develops within the 
substance. When any substance, as a mass 
of rubber, is subjected to a pressing force, the 
force tends to strain the substance by crowd- 
ing its particles closer together. In this case 
also, a stress, which resists the applied force, 
develops within the substance. So likewise, ‘ 

3 3 ‘ Pulls 6,000 Lb. 
when any substance, as a boiler rivet, is sub- 5, sos stress 
jected to the straining action of a shearing due to tension. 
force, a stress develops within the substance. 

When a substance is subjected (Fig. 208) to a pull or tension, 
the stress developed in the substance thereby is called a 
tensile stress. When a substance is subjected (Fig. 209) to 


: Leg @ Section A-A 
__Compression 
- re 


¢Pull= 16,000 Lb, 


Fic. 209.—Stress due to compression. Fie. 210.—Showing a piece 
being sheared from _ boiler 
plate by rivet. 


pressure or compression, the stress developed in the substance 
thereby is called a compressive stress. When a substance is 
subjected (Figs. 210 and 211) to a shearing force, the stress 
developed thereby is called a shearing stress. Tensile, com- 
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pressive, and shearing stresses are usually expressed in terms 
of the forces which are applied to produce them, divided by 
the number of area units in the cross-section of the substance 
where it opposes the force. 


Exampies.—lIf a wire of 0.1-sq. in. cross-section 
suspends a load of 1,600 lb., the tensile stress in the 
wire is 1,600 + 0.1 = 16,000 lb. per sq. in. If a steel 
bridge-rod, of 3-sq. in. cross-section, is subjected to a 
pull of 150,000 lb., the tensile stress in the rod is 
150,000 + 3 = 50,000 lb. per sq. in. If an iron column 
of 4-sq. in. cross-section supports a load of 4,000 Ib., 
the compressive stress in the column is 4,000 + 4 = 
1,000 lb. per sq. in. 

Note.—“‘Stress’” And ‘Strain’ ArE Not 
Synonymous Terms. A stress, as explained above, 
is the internal opposing force which develops within 
a substance when an external force, tending to deform the sub- 
stance, is applied. A strain is the deformation, or charge of shape, of a 
substance within which a compressive or tensile stress has been developed 
by application of an external force. As noted above, a stress is measured 
by the intensity of the appled force and by the cross-sectional area 
of the substance which sustains the force. The corresponding (total) 
strain is expressed in terms of the change of dimension of the substance, 
in the line of direction of the applied force. Furthermore, since, under 
tensile or compressive stress, each inch (or foot) of length of the substance 
is changed by the same amount, the strain can be expressed as a decimal— 
it is then called the wnit strain or simply the strain—that is, the number 
of inches (or feet) that each inch (or foot) has been lengthened or 
shortened. 


Fig. 211.—Stress 
due to shear. 


Exampire.—lIf a metal wire, of 10-in. length, is elongated under a pull 
to a length of 10.1 in., the total strain in the wire is: 10.1 — 10 = 0.1 in. 
Then the unit strain = strain, in inches per inch of original length = 0.1 + 
10 = 0.01. 


218. Material Bodies Generally Tend To Resume Their 
Original Forms When Released From Forces Which Have 
Produced Strains In Them.—A rubber band may be stretched 
to a considerable length, but it will, apparently, instantly 
resume its original dimension when the stretching force is 
removed. Most materials, however, will not, when strained 
beyond certain limits, return entirely to their original shapes. 
In such cases the materials are said to have taken permanent 
set. Some materials acquire this condition under compara- 
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tively small loads. Others are permanently deformed only 
by application of very great loads. 

219. Strains Are, Within Certain Limits, Directly Propor- 
tional To The Stresses From Which They Result.—That is to 
say, there is, usually (below the elastic limit, Sec. 220) for 
each substance, a definite ratio between a stress produced in 
the substance and the resulting deformation or strain. This 
ratio is called the coefficient of elasticity of the substance. 
See Table 221 for values. In the notation used in this 
book, the coefficient or elasticity will be denoted by EK. Hence 
the formula: 


stress lb. per sq. in. , 
102 A= — = . lb. per sq. in. 
202) strain stretch per inch Ueae q ) 
Notre.—‘‘Mopvuuus Or Exasticiry’” Anp ‘‘Youna’s Moputus” are 


synonymous terms for coefficient of elasticity. 

Exampin.—A steel rod, 20 in. long, when under a stress of 60,000 lb. 
per sq. in, stretches 0.04 in. What is the coefficient of elasticity of steel? 
SoLtution.—By For. (102): H = stress + strain = lb. per sq. in. +, stretch 
per inch = 60,000 + (0.04 + 20) = 30,000,000 lb. per sq. in. 

Exampin.—A bridge member of 0.5-sq. in. cross-section and 40-ft. 
length, elongates 0.25 in. under a certain load. If H = 30,000,000 lb. 
per sq. in, what is the load? Soxtution.—By a transposition of For. 
(102): Stress = # X strain = lb. per sq. in. = E X stretch per inch = 
30,000,000 X 0.25 + (12 X 40) = 15,625 Ib. per sq. in. Hence, the load 

= 15,625 XK 0.5 = 7,818 lb. 

Exampie.—The tension in a steel telephone-wire, 100 ft. long, is 525 
lb. The cross-sectional area of the wire is 0.006,4 sq. in. H = 30,000,000 
lb. per sq. in. How much has the wire stretched? Sotution.—By a 
transposition of For. 102: Strain = stress + H = stretch per inch = lb. 
per sq. in. + E = (525 + 0.006,4) + 30,000,000 = 0.002,73 in. Hence, 
the wire has stretched 0.002,73 * 100 K 12 = 38.28 in. 


220. When A Material Body Is Stressed Beyond A Certain 
Value Or “‘Limit,’’ The Resulting Strain, Per Unit Of Load 
Increment, Becomes Greater Than Formerly.—The strain 
then ceases to be directly proportional to the stress (Sec. 219). 
When this limit is reached the ratio of the stress in the body 
to the strain or deformation of the body will be less than the 
similar ratio for stresses below this limit. The stress above 
which the strain ceases to be directly proportional to the 
stress, is called the elastic limit of the material. When a body 
is stressed beyond its elastic limit and the stress is then relieved 
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(by removing the force which produced the stress), the body 
will be found to have suffered a permanent deformation. 
Stresses below the elastic limit do not cause any permanent 
deformation, or ‘“‘set.’”? Hence, when a stress is permitted 
to exceed the elastic limit, the body ceases to be truly “elastic” 
—that is, it ceases to be capable of returning to its former 
dimensions. Hence, the term “elastic limit” is truly signifi- 
cant. (See the author’s Stram Borers for graphs and a 
more complete discussion.) 


Norre.—Tue “Ubitmartre StrenetH” Or A Marertat is found by 
dividing the maximum force, which the material sustains during a test 
carried on until rupture occurs, by the original cross-sectional area of the 
test piece at the point of the rupture. Im actual practice, the cross- 
sectional area usually changes before rupture occurs. ‘Therefore, the 
maximum stress in the material may somewhat exceed the value of the 
“ultimate strength’ which is computed as indicated above. 


221. Table Showing Coefficients Of Elasticity For Different 
Materials. 


E E 
Materials lb. per Materials lb. per 
sq. in. Sq. in. 
Mprats Woops 
IMO cooanoon ono nl HEL OOO) CUWY WINS, cag ccacosononel! UMA Ow 
Brass ye CASta aes cemtohenete COCO OOOM Eire hmm erereren tere 1,300,000 
Brags wires, -ce ure 1 k4000,000: Oak anne es 1,500,000 
Phosphor bronze....... PAS OOOMOQOM| Plesk wanes renin 2,410,000 
Coppers wits seers LG NOOO OOO si MWialmte sneer ete 306 , 000 
[none CAS th memetseier inte PAOLO COTO IEW. soso oaduonous 1,900,000 
Iron, wrought..........| 27,000,000 
Head eee Ree ea ee ie OOO O00 MIscELLANEOUS 
AGI, LEM a cocdeocanaaal CAOOOROUUW WISE. so sdooccas oooh WOO, Wwe 
Steel Pram mere naT fe 30,000 , 000 


| Glass atone ee ee 


8,000, 000 


222. Expansion And Contraction Of Restrained Solids 


will now be considered. 


If the tendency of a body of solid 


material to expand or contract is restrained in some manner, a 
stress will develop within the body. The result of such 
restraint will be the same as though the body were stressed by 
an external force. The stress produced by restraint of the 
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tendency to expand or contract is exactly equal to the stress 
which would be set up in the body if it were, by some outside 
force, either elongated or compressed the amount which it 
tends to expand or contract. 


EXPLANATION.—Suppose a piece of copper is held tightly in a vise and 
is heated by means of a torch. Due to its absorption of the heat, the 
copper tends to expand, say, 0.01 in. But the clamping action of the 
jaws of the vise counteracts this tendency. Then the resultant condi- 
tion within the piece of copper is the same as though the copper had 
first been heated and had then been squeezed or compressed 0.01 in. by a 
further tightening of the vise. By preventing the copper from respond- 
ing to the expansion tendency produced by the heat, a compression 
stress, equal to that which would have been produced by compressing the 
copper 0.01 in., has been developed within the copper bar. 

Norse.—Tue Inruvpnce Or Externat Forces In Hinprerine FREE 
Expansion AnD Contraction Or StructuraL Mrmprrs DEMANDS 
CiLosge ATTENTION.—£erious accidents may result from ignoring it. 
Bridge members may fail; see Figs. 180 and 181 for expansion joints. 
Dangerous’ stresses may be set up in steam boilers. Pavements may 
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* Position Fosition. / 
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Part 
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~ Waill-+(Z34 
Expansion: Sy t 

ibe [ Steel a 
ee hee ae 


NA--Brazeo-- ff 
Copper fap 
Flanges \ if 


x» “1 Packing 


‘ Sliding. aA ‘ik pieel aes || = 
Free ENG Bortion of Restrained; eos Floinges--.. 


of Pipe “Joint Endl of Pipe-" 


Fie, 212.—Expansion joint to allow 
pipe to expand. 


Fie, 213.—DExpansion loop in high- 
pressure steam line. 


become distorted, or may even explode. Long pipe-coil radiators may 
buckle and leak and fittings in steam-piping systems may be strained and 
broken, unless proper arrangements which allow for expansion (Figs. 212 
and 213) are provided. 


223. When The Expansion Or Contraction Tendency Of 
A Solid Is Restrained Or Counteracted, A Strain Practically 
Proportional To The Coefficient Of Expansion Of The Material 
And To The Temperature Change Is Produced.—The piece 
of copper in the above explanation (Sec. 222) is compressed 
exactly the same amount that it would have expanded had it 
been free to do so. Hence, if the coefficients of expansion and 
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elasticity of the material are known, and the temperature- 
change is observed, the stress, due to restrained expansion or 
contraction, in a solid may be calculated. 


EXpLANATION.—By referring to Fig. 197, it is evident that the expan- 
sion of an unconstrained bar of original length LZ, is Lie,7’, and its length 
after heating is L,(1 + e,7). If, now, the bar is compressed to its 
original length, this expansion length (Liez7’) will be the amount of the 
total strain. Hence the unit strain will be: (éotal strain) + (length before 
straining) = InexT + 1,11 + epT) = exT + (1 + eT). 

Now, the expansion coefficient ez is so small that the term e,7 seldom 
even approaches 1 percent. Hence, it is ordinarily sufficient to say that 
the unit strain = eT + 1 = ez,T, which is very nearly true. 

Therefore, the strain is, as previously explained, practically propor- 
tional to the coefficient of expansion and the temperature change. 
Hence, the following equation may be written: 


lb. per sq. in. stress — 1b. per sq. in. stress 
unit strain eral 


(103) 


Wherein: e, = coefficient of lineal expansion = expansion or contrac- 
tion, in inches, per inch original length of body per degree Fahrenheit 
change in temperature. 7 = temperature change, in degrees Fahren- 
heit. But the first member of this equation gives (Sec. 219) the coeffi- 
cient of elasticity. That is: 


(104) Se CT CLC EK (Ib. per sq. in.) 


unit strain 


Hence, substituting (104) in (103): 


lb. per sq. in. stress 


(105) E oT (Ib. per sq. in.) 
Transposing (105) there results: 
(106) lb. per sq. in. stress = HexT (lb. per sq. in.) 


Or, expressing the stress in terms of the equivalent restraining force, 
in pounds, and transposing, there results the following formula: 


(107) F = He,TA (pounds) 


Wherein: F = the restraining force, in pounds. = the cross-sec- 
tional area, in square inches, which offers resistance to the force. 

ExaMpLE.—In the explanation subjoined to See. 222, what compres- 
sive-force is exerted by the vise-jaws if the temperature of the copper is 
raised 200° F.? 

So.tution.—For copper, er = 0.000,009,3 and H = 16,500,000 lb. per 
sq. in. By For. (106), stress = HezT = 16,500,000 X 0.000,009,3 x 
200 = 30,690 lb. per sq. in. 

ExampLe.—The joints of the steel rails in a street-car track are 
welded for a distance of 1,320 ft. The job is done on a summer day. 
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The temperature of the weather drops 35° I. during the following 
night. (1) What is the resulting tension in the rails if the ends cannot 
give? (2) How many inches will the track shorten if the ends are left 
free? Soturion.—For steel, ez = 0.000,006,5 and H = 30,000,000 
lb. per sq. in. (1) By For. (106), stress = He,T = 30,000,000 X 
0.000,006,5 X 85 = 6,825 lb. per sq. in. (2) By For. (94), 1 = LiesT = 
1,320 X 12 X 0.000,006,5 X 35 = 3.6 in. 


QUESTIONS ON DIVISION 7 


1. Give some examples of materials expanding in length. 
2. Give examples of peculiar constructions designed to allow for expansion. 
3. What is a coefficient of lineal expansion? How may it be used? 
4. State the formula for computing the length of a bar of material that has been 
heated a given amount. 
5. What is areal expansion? 
6. State and explain the formula for computing the area of a sheet of material that 
has been heated. Does this formula give an exact value? Why? 
7. State and explain the formula for computing cubical expansion. Does this 
formula give an exact value? Why? 
8. What is a tensile stress? A compressive stress? 
9. In what units are tensile and compressive stresses expressed? 
10. What is shearing stress? 
11. What is meant by stress? Strain? 
12. What is meant by the coefficient of elasticity of a material? 
13. What is meant by permanent set? 
14, State and explain the uses of coefficients of elasticity in computations relating to 
structural materials. 
15. Why are openings left between the ends of the rails of railroad tracks? Why is 
tar placed in the joints of cement pavements? 
16. If a metal body is so confined that it cannot expand, what is the result when it 
is heated? 
17. Why should water in glass jars not be left out of doors in winter? 
18. Why are the water-barrels which are placed on railroad bridges, for protection 
against fire, filled with salt-water? 
19. State and explain the formula for computing the stress set up in a body wherein 
expansion or contraction is restrained. 
20. Do the molecules of freezing water obey the general law which governs molecular 
action in substances from which heat is withdrawn? What is this law? 
21. Why does ice float on water? 
22. How do ice formations act to prevent lakes and rivers in cold latitudes from 
freezing to the bottom? 
23. What causes the water to circulate in a hot-water heating system? 
24, Why is antimony used in type metal? 
25. Why would it be difficult to heat water if no convection currents were set up in 
the mass of water? 
26. Why is it difficult to determine the coefficients of expansion of liquids? 
27. Is the coefficient of expansion constant for each liquid? 
28. Is there any difference in the cubical expansion of a liquid as compared with that 
of a solid? 
29. What may happen if heat is applied to a vessel which encloses a liquid? 
30. How is the shrinkage of iron castings compensated for in making the molds? 
31. Are liquids compressible? What would be the probable effect of freezing water 
in a glass jar, if water were highly compressible? 
32. When a boiler is cold, the water stands at a certain height in the gage glass. 
When the boiler is fired up, the water gradually rises to a higher level Why? 
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PROBLEMS ON DIVISION 7 


1. A brass test-rod (A, Fig. 195) is 26.1 in. long at a temperature of 40°F. How long 
will it be when heated to 212° F.? What distance will the pointer move over the 
scale? 

2. If a glass test-rod (A, Fig. 195) is inserted in the steam tube, what will be the 
expansion for the same temperature conditions as in Prob. 1? 

3 A steel girder bridge (Fig. 180) is 98 ft. long. What distance will the movable 
shoe travel on the rollers when the temperature of the weather changes from 30° below 
0° F. to 110° above 0° F.? 

4. In bridge construction it is customary, if the length of the bridge is less than 50 
ft., to fasten both ends rigidly. How much would a 50-ft. steel bridge, so secured, tend 
to expand lengthwise for each degree rise of temperature? If the bridge were set on piers, 
what would be the effect of this expansion tendency? 

5. A long pipe line contains a series of expansion joints (Fig. 212). The joints are 
spaced 300 ft. apart. The line is designed to convey steam at a temperature of 300° F. 
It is erected in an atmospheric temperature of 50° F. In the adjustment of the joints, 
what should be the least distance, X, to allow for slip as the line expands? 

6. A strip of concrete pavement is to be 30 ft. wide. It is to contain a series of 
expansion joints spaced at 100-ft. intervals. A temperature range of 100° F. is expected. 
Each expansion joint is to be 5 times as long as the maximum amount of lineal expansion 
occurring in each 100-ft. section of the pavement. What should be the length of each 
joint? How much will the surface area of a 100-ft. strip of pavement be increased by 
the expansion due to the anticipated range of temperature? 

7. A concrete beam, reinforced with steel rods, is subjected to a bending load. A 
compressive stress is thus set up in one side of the beam while a tensile stress is set up in 
the opposite side. The tension is taken by the reinforcing rods. The coefficient of 
elasticity of the steel is 28,000,000 lb. per sq. in. If the rods are strained 0.000,1 in. 
per ft., what is the stress in them? 

8. A bar of material is 0.3 sq. in. in cross-section and is 10 in. long. It elongates 
0.002 in. when a load of 1,500 lb. is applied. Find the coefficient of elasticity. 

9. A steel column is 12 sq. in. in cross-section and is 16 in. long. It supports a load 
of 200,000 lb. How much is it compressed? 

10. A line of steam pipe is 375 ft. long. Steel pipe having a coefficient of expansion 
of 0.000,006,3 is used. The cross-sectional area of the pipe is 2.5 sq. in. How much 
will the line expand under a temperature increase of 350° F.? If the line were so secured 
that it could neither stretch nor buckle under the increase of temperature, what force 
would be set up in it? 

11. What is the amount of lineal expansion in a set of steel boiler tubes, 20 ft. long, 
when their temperature is raised from 50° F. to 600° F.? The area of cross-section of 
each tube is 1 sq. in. If cold water could be run into one of the tubes, thus cooling it 
to 200° F. while it is held rigidly at both ends and while the others remain at 600° F., 
what would be the probable stress set up in the cooled tube? 

12. A hot-water heating system contains 500 gal. of water. The coefficient of expan- 
sion of water is 0.000,1. The water is heated from 50° F. to 210° F. If the boiler, pipes, 
and radiators of the system do not expand, what quantity of water will rise into the 
expansion tank? 


DIVISION 8 
HEAT PHENOMENA OF GASES 


224. Heat Phenomena Of Gases (see note below) are oi 
great practical importance because of their application to the 
various heat engines and heat processes with which the 
engineer must deal. While the laws, which will be given and 
explained in this division, will not in all cases apply directly 
to actual heat engines, the fundamental ideas which underlie 
them do apply. Hence, an understanding of these laws is 
essential. Before proceeding, however, the reader should 
review the matter in Secs. 96 to 108 on the molecular theory of 
gases. 

225. A Gas Is Any Substance In The Gaseous State Which 
Closely Follows The General Gas Law.—The general gas law 
is stated and explained in following Sec. 249; for the present 
it need not be further considered. All gaseous substances as 
they depart further from the temperature and pressure condi- 
tions necessary to effect their liquefaction obey more closely 
this general gas law. Gaseous substances which are at or near 
their liquefaction conditions are called vapors and do not 
even approximately obey this general gas law. Hence it is 
apparent that it is the degree of departure of the conditions, 
under which a gaseous-state substance is existing, from its 
liquid-state conditions that determines whether it is a gas or a 
vapor. See note below. 

Norr.—Tue Distinction BetTwHen A Gas Anp A Vapor Is ONE OF 
Dercren.—The early scientists gave the name “‘permanent gas’’ to such 
gaseous substances as they believed could not be liquefied—as, for 
example, air, hydrogen, oxygen, and nitrogen. More recent investiga- 
tions have shown, however, that all of these substances can be liquefied 
when cooled to very low temperatures. Such substances, as water and 
ammonia, which need not be cooled to very low temperature, to be 
liquefied, were, by the earlier scientists, called vapors when in the gaseous 
state. These terms—‘‘vapor” and ‘‘gas’’—have been preserved. but 
their modern meanings are quite different from theirformer meanings. 
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Any substance, at least theoretically, may exist (in the gaseous state) as 
either a vapor or a gas. Vapors are further discussed in Div. 11. Since 
it is really the ‘‘nearness”’ of a gaseous substance to the liquid state that 
determines whether it is a vapor or a gas, it is obvious that there cannot 
be any rigid line of demarcation between the two. ‘The transition from 
the vapor form to the gas form, or vice versa is not abrupt—it is gradual. 

A vapor has been defined by some physicists as a substance in its 
gaseous state below its certical temperature (Sec. 349); and a gas as a 
substance in its gaseous state above its certical temperature. But these 
definitions are not, apparently, in accord with those of the best modern 
authorities. 


226. The Laws Which Will Be Treated In This Division 
Apply With Absolute Accuracy Only To A Hypothetical 
“Perfect” Or “Ideal”? Gas.—A perfect gas is one which, when 
heated or cooled, absorbs or gives up no disgregation heat (Sec. 
258). No gas, so investigation shows, is, in this sense, a 
perfect gas. But many gases (air, oxygen, hydrogen, 
nitrogen and the like) are so nearly “perfect’’ that the errors, 
which will result from considering them as perfect in engineer- 
ing computations, will be inconsequential. Vapors (Div. 11) 
on the other hand (such as slightly superheated or saturated 
steam, ammonia, carbon dioxide and sulphur dioxide) have 
characteristic properties such that the perfect-gas laws do not 
apply accurately to them. 

Nore.—In Derarina Wire Vapors, it is ordinarily necessary to use 
values which are taken from tables, as for example Steam Table 394. 


Such values are experimentally-determined ones. Steam and other 
vapors are treated in Div. 11. 


227. The ‘“‘Condition” Of a Gas—this is a technical term 
which is difficult to define—is determined by: (1) The kind of 
gas; that is, its chemical composition. (2) The weight of the gas. 
(3) Its pressure. (4) Its volume. (5) Its temperature. As will 
be shown, for a given gas, any three of the last four of the 
above items determine the unknown properties. Whenever 
any of these properties of a gas are altered, the gas is said to 
undergo a change in condition or a condition change. It will be 
shown in this division, how changes in one or more of the above 
properties of a gas affect its remaining properties. It will 
also be shown how condition changes are affected by heat 
transfer and external work. 
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ExampLe.—lIf a quantity of a gas (Sec. 225) such as air, hydrogen or 
nitrogen is compressed (Fig. 214) in a closed vessel, its volume will 
(as the impressed pressure is increased) readily decrease (Fig. 215), in 
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Fie. 214.—Illustrating the com- 
pression of agas. As the weights 
1 and 2 are placed on the rod, the 
gas is compressed. 


proportion to the applied pressure. 
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Fig. 215.—lIllustrating the effect 
of increased compression due to 
addition of third weight. 


Or, if the pressure is decreased 


(Fig. 216), the body of gas will expand correspondingly and fill the 
larger space. In compressing the gas (Fig. 215), the falling weight does 
external work on it. All of this work (assuming a frictionless piston and 
no loss of heat) is converted into heat in the compressed gas. Thereby 


the temperature of the gas is increased. 


|  Diminisheet.. 
\ i _ Gers ‘ 
| } Pressure 
ia \ . 


Fig. 216.—Illustrating the effect of 
diminished compression due to re- 
moving weight. 


When the gas is permitted to 


Retaining Yoke-.. 


Fig. 217.—Illustrating increase 
of pressure by heating. (Compare 
with Fig, 214.) 


expand (Fig. 216), it does work in raising the weight. Its heat content 
and temperature are thereby decreased accordingly. 

Now, if heat be applied to the vessel (Fig. 217) and the piston is 
restrained by yoke, Y, from upward movement, the pressure exerted by 
the gas will increase. The added heat (energy) causes an increase in 
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the molecular vibration (Sec. 52) which produces the increased pressure. 
If (Fig. 218) there is no restraining yoke, the pressure of the gas must, 
as it is heated, remain constant (until P is pushed from the cylinder) but 
the volume of the gas will increase: Obviously, heat energy derived from 
the torch flame (Fig. 218) is converted into 
mechanical energy which does work in raising 
the weights. 

1 Constant The above-described—and other—gas-con- 
jos Pressure, dition changes occur in conformity with certain 
definite laws. It is proposed to consider these 
laws in succeeding sections. 


Temper. 
ature 
Increase 
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228. Physical Gas Phenomena Will 
First Be Considered Without Reference 
To Energy Or Work Transfer Or 

et T Changes. That is, before proceeding 
a oe with the energy relations for gas expan- 

Fie. 218.—Illustrating Sion and contraction, the following laws 
oes i tileierss Lae and subjects will be discussed: (1) Boyle’s 
Fig. 214.) law, Sec. 230. (2) Charles’ law, Sec. 237. 

(3) Gay-Lussac’s law, Sec. 240. (4) 
General gas law, Sec. 248. (5) Gas densities, Sec. 253. (6) 
Draft produced by differences in gas density, Sec. 256. It is 
desirable that these laws and subjects be thoroughly under- 
stood before the reader studies the energy and work relations 
which apply in the expansion and contraction of gases. 

229. Certain Laws Which Follow Relate To Changes 
Wherein Some Property Such As Temperature, Volume Or 
Pressure Remains ‘‘Constant.”—This does not mean that 
necessarily the property must actually remain the same during 
the whole while that the change is occurring in order that the 
law may apply. The laws will apply not only when the 
‘“‘constant’’ condition is not varied while the change is occur- 
ring but they will also apply when after a change, the ‘‘con- 
stant’’ property is restored to its original value. 


ExampLp.—Boyle’s law which follows applies only when the gas 
temperature is maintained ‘‘constant.’”’ But the law is effective in 
computing the volume or pressure for a second condition if the volume 
and pressure for the first condition are known, provided the gas tem- 
perature for the second condition is restored to its original value, although 
gas temperature changes may have occurred in the meantime. 
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230. Boyle’s Law, first stated by the Irish physicist, Robert 
Boyle, who discovered it experimentally, is: If the temperature 
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Fie. 219.—Boyle’s law—temperature of a given weight of gas kept constant —pressure 

varies inversely as the volume. (Running water maintains gas temperature constant.) 

The pin holds the piston in fixed positions. In JI the volume is twice that of J; hence 
the pressure in II is }% that in I. 
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Fie. 220.—Gas expansion in accord- Fie, 221—Gas compression in ac- 
ance with Boyle’s law. (Temperature cordance with Boyle’s law. (Constant 
maintained constant through heating temperature maintained through cool- 
effect of water jacket.) ing effect of jacket-water.) 


of a given weight of gas is kept constant (Fig. 219), the absolute 
pressure of the gas will vary inversely as its volume; conversely, 
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the volume will vary inversely as the absolute pressure. Note 
particularly that this law applies only when the gas tem- 
perature is maintained constant (see Sec. 229). That is, it 
applies only for zsothermal (constant temperature) changes 
(Sec. 271). The law means (Figs. 220 and 221) that with a 
given weight of gas, if the volume of the gas is doubled, its 
absolute pressure will be halved, if its volume is tripled, its 
absolute pressure will then be one third of the original pressure, 
and so on. 

231. The Problems To Which Boyle’s Law May Be Applied 
are those wherein the volume of a given wezght of a gas at a 
certain pressure is known and it is desired to compute the 
volume of the gas at a different pressure, or the pressure exerted 
by the gas when it occupies a different volume, the gas tem- 
perature being the same for the second condition as for the 
first. In practice, it is regarded more convenient by some 
persons to apply the general gas law of For. (145) for the solu- 
tion of these problems. 

232. The Boyle’s-law Formula, which follows directly 
from the verbal statement of the law, is: 


(108) pes V; (ratio) 
Wherein: P; and P, = respectively, the initial and final 
absolute pressures of any given weight of gas at a constant 
temperature (Sec. 229) in any pressure unit whatsoever, but 
both must be in the same unit. Vand V2 = respectively, the 
initial and final volumes of the gas, in any volume unit whatso- 
ever, but both must be in the same unit. 


Norr.—It Is Important To Norr Tuar In Any PRospLEM WuaicH 
Invotves Inirran Anp Frnau Conpitrons Or Gasns, Erraer Conptr- 
TION May Br ConsiperRED THE InrtrAL AND ErTrHer Tue Frnat Con- 
DITION.—Thus, in applying Boyle’s law, if there is a known value for 
P,, and P, is desired, then P, may be considered the initial and P, the 
final pressure. The same numeral subscript always refers to one set of 
conditions existing at the same time and must not be confused. That 
is, P2 always refers to the pressure at a volume of V2 and a temperature 
(see following sections) of 7». All the gas changes considered in this 
division, however, are reversible (Sec. 154) and may be thought of as 
taking, place in either direction. 
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Norn.—Transposep Forms Or Boytn’s Law, which are useful in 
solving problems, are here given: 


. 

(109) Ay = ru = (final absolute pressure) 
gr} 
: 

(110) ¥2= aus (final volume) 
2 


Wherein all symbols have the same meanings as stated under For. (108). 
Examp_y.—A certain weight of gas is compressed into a steel cylinder 
of a volume of 0.2 cu. ft. (Vi, Fig. 222) and then exerts a pressure (f 
200 lb. persq. in. gage. What will 
be the volume of this gas at atmos- ; 
pheric pressure (0 lb. per sq. in. 
gage) when the temperature in Vz 
is the original temperature in V,? 
Sotution.—By For. (110), V2 = 
P,Vi/P2 = (200 + 14.7) X 0.2 + 
(0 + 14.7) = 2.92 cu. ft. 
ExamMpLe.—A certain gas con- 
tainer has in it 54,300 cu. ft. of a 


O02 CuFrat 200 Lb. Per Sytn Press. Abs. 
Cylinder Of Compressed Gos 
Ogee di els Horo-Whee/ 


Towel Yiied With Werer) 
a2 xpanding Gas Hass 


gas when the 4 ee registers 
29.12in.of mercury column. Only 
atmospheric pressure is Imposed on 
the gas in the container. Without 
leakage and without temperature 
change, it is found that the volume 
of the gas in the container increases 
to 54,650 cu. ft. What is the 


Fie, 222.—Certain ee of a gas, 
compressed to a volume, Vi, of 0.2 cu. 
ft. at 200 lb. per sq. in. gage pressure. 
What will be its volume, V2, at atmos- 
pheric pressure? Temperature remains 
constant. 


barometric pressure for the larger volume? Sorurion.—Barometers 


measure absolute pressures. 
29.12 X& 54,300 + 54,650 


Substitute in For. (109): Ps = PiVi/V2 = 
= 28.93 in. mercury column. 


233. For A Given Weight Of Gas At A Constant Tempera- 
ture, The Product Of The Absolute Pressure And The Volume 
Will Be Constant regardless of the pressure and corresponding 
volume and vice versa. This is therefore the governing 
relationship for isothermal changes (Sec. 271). This is merely 
another statement of Boyle’s law because by transposing For. 
(108), there results: 


(111) PiVi = P2Ve = P3V3 ete (a constant) 
or this may be written: 
(112) PY =k (a constant) 


EXPpLaNATION.—A cylinder (lig. 223) with a movable piston head, 
P, contains 2 cu. ft. of gas at an absolute pressure of 30 lb. per sq. in. 
13 
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For this condition, pressure X volume = PV = 30 X 2 = 60. Now 
weights, W (Fig. 224), are added to the movable head until the volume 
of the gas is compressed to 1 cu. ft. (The cylinder is so surrounded with 
running water that it carries away the heat generated by the compression 
and maintains the temperature of G constant.) By the addition of the 
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Fia. 223.—Tllustrating Boyle’s law, Fia. 224,—Tllustrating Boyle’s law, 1 cu. 
2 cu. ft., at 30 Ib. per sq. in. abs. ft. at 6 lb. per sq. in. abs. pressure. 
pressure. 


weights the pressure will be increased to (For. 109) 60 1b. per sq. in. abs. 
But PV = 1 X 60 = 60 as before. For any other pressure and volume, 
their product would be 60. Furthermore, it will be noted from Figs. 220 
and 221, that the product of P and V for any point on either of these 
Boyle’s-law graphs is a constant. Thus: 14 X1=14; 7X2 = 14; 
2.8 xX 5 =14;1.4 x 10 = 14;1 X 14 = 14. It obviously follows then 
that: 

(113) PV PaV st="P3Vigu.s oak ,etc. =k (a constant) 


which is the statement of For. (112) above. 


234. The Pressure-temperature Changes At Constant Vol- 
ume for a given weight of any certain gas were early investigated 
(see note under Sec. 237) and found to follow a general law 
(to be here called Charles’ law): If a given weight of any gas 
ts confined in a fixed volume and its pressure 7s measured while 
the gas ts at 82° F’., tt will be found that cts absolute pressure will 
increase 1499 for each 1° F. that its temperature is increased 
—or, its absolute pressure will decrease 1499 for each 1° F. 
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that is temperature is decreased. This relation may be written 
as a formula, thus: 


(114) Pr = Pxe(1+%go2(T — 32)] (abs. pressure) 


or, expressing “1495” as a decimal: 


(115) Py = P3{1 + 0.002,033 (7 — 32)] (abs. pressure) 


Wherein: P 7= the absolute pressure of a gas, in any unit of 
pressure, at a certain temperature, 7’, and in a certain volume 
V. P32 = the absolute pressure of the same gas, in the same 
units as P; is measured, when in the same volume, V, and at 
32° F. JT =the temperature of the gas when exerting the 
pressure, P7, in degrees Fahrenheit. 


Exampiy.—A certain weight of gas, when confined in a closed container 
at 32° F., exerts a pressure of 100 lb. per sq. in. abs. Now at 33° F. 
and in the same volume, its pressure will be 1492 & 100 = 0.203,3 Ib. per 
sq. in. greater than at 32° F. Furthermore, at 42° F. its pressure will be 
10 X 0.203,3 = 2.033 lb. per sq. in. greater than at 32° F. These same 
results may have been found by using For. (115), thus: At 33° F., 
Pr = P;,{1 + 0.002,033(7 — 32)] = 100[1 + 0.002,033(83 — 32)] = 
100(1 + 0.002,033) = 100.203,3 lb. per sq. in. abs. Likewise at 42° F., 
Pr = 100[1 + 0.002,033(42 — 32) = 100(1 + 0.020,33) = 102.033 Ib. 
per sq. in. abs. 

Examp.Le.—A cubic foot of air at 32° F. is under pressure of 300 
lb. per sq. in. abs. What would be the pressure if the air were cooled 
in the same volume to 0° F.? Sotutrton.—By For. (115), Pr = P3.[1 + 
0.002,033(7 — 32) = 300[1 + 0.002,033(0 — 32)] = 300 (1 — 0.065) = 
280.5 lb. per sq. in. abs. 


235. The Volume-temperature Changes At Constant Pres- 
sure for a given weight of any gas were also investigated (see 
note under Sec. 237) and found to follow a similar law to that 
given in the preceding section. The law governing the volume- 
temperature changes at constant pressure for a given weight of 
a gas is to be here called Gay Lussac’s law: If a given weight 
of any gas be so confined that its volume and temperature can be 
varied while its pressure remains constant, ut 1s found that the 
volume increases 4499 of the volume at 32° F. for each 1° F. 
increase in its temperature; likewise the volume of the gas 
decreases 499 of its volume at 32° F. for every 1° F. decrease in 
temperature. This relation may be written as a formula, thus: 


(116) Vr = Val 1 + 492 (T — 32)] (volume) 
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or, expressing “1/492”’ as a decimal: 
(117) Vr = Vell + 0.002,033(7 — 32)] (volume) 


Wherein: Vr = the volume of a given weight of gas (in any 
unit) at a certain temperature, 7’, and pressure P. V3. = the 
volume of the same gas when at 32° F. and under the same 
pressure P. TJ’ = the temperature, in degrees Fahrenheit, 
at which the gas occupies the volume Vr. 

ExaMpLE.—lIf at 32° I. and at atmospheric pressure a certain weight 
of a gas occupies 2 cu. ft., what volume will that same gas occupy at 
50° F., at 800° F., and at —20° F., the pressure being in each case that of 
the atmosphere? Sorution.—By For. (117), Vr = Veo{l + 0.002,033 
(T — 32)]. Hence, at 50° F., Vr = 2{1 + 0.002,033(50 — 32)] = 
2(1 + 0.036,6) = 2.073,2 cu. ft. At 800° F., Vr = 2[1 + 0.002,033 
(800 — 32)] =2(1 + 1.561) = 5.182 cu. fi. At —20° BF, Vr = 2 + 
0.002,033(—20 — 32)] = 2(1 — 0.105,7) = 1.788,6 cu. ft. 

236. Our Notion Or Concept Of Absolute Temperature is 
based on the laws of Charles and Gay Lussac, as given in Sees. 
234 and 235. If an attempt is made, by using For. (114), to 
find the pressure exerted by any gas at the temperature of 
—460° F., it is evident that the resulting pressure is zero. 
Likewise, cooling a gas at constant pressure to —460° F., 
will, by For. (116), reduce its volume to zero. Hence, if any 
(perfect) gas followed these laws exactly and if it were possible 
to cool the gas gradually to a lower and lower temperature, it 
would be found that, at —460° F., the gas would occupy no 
volume and would exert no pressure on the wall of its con- 
taining vessel. Therefore, it is logical to assume that no 
lower temperature than —460° F. can ever be attained for, 
if a lower temperature could be attained, then the volume of a 
gas would, by For. (116), become negative—which is incon- 
ceivable. Hence, —460 F. is called the absolute zero of tem- 
perature and temperatures measured from —460° F. as a 
starting or datum point are called absolute temperature (see 
also Sec. 61). Asaformula: 


(118) T = T + 460 (deg. fahr. abs.) 
or, transposing: 
(119) T =T — 460 (deg. fahr.) 


Wherein: T= the temperature of any body, in degrees 
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Fahrenheit on the absolute scale. 
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Loy, 


T = the temperature of the 


body in degrees Fahrenheit on the Fahrenheit scale. 
EXAMPLE.—See examples under Sec. 62. 
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Fic. 225.—lllustrating Charles’ law. With a constant volume of a given weight of 


gas, the absolute pressure varies as the absolute temperature. 


(See following graph 


for points corresponding to I, II, and IIT above.) 


237. Charles’ Law may be 
stated thus: If the volume of 
a given weight of gas (Fig. 
225) is kept constant, the 
absolute pressure will vary 
directly as the absolute temper- 
ature of the gas. Note par- 
ticularly that this law applies 
only when the volume of the 
gas is maintained constant 
(see Sec. 229). That is, 
applies only for «isometric 
(constant volume) changes 
(Sec. 269). This law means 
that, with the volume held 
constant, if the absolute tem- 
perature of a given weight of 
a gas is doubled, its absolute 
pressure will be doubled; if 
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492 
Temperature Deg, Fahr Abs. 
Fira, 226.—Graph illustrating Charles’ 
law. Shows variations of pressure with 
temperature, of any given weight of a 
perfect gas, which is maintained at con- 
stant volume and which exerts a pressure of 
10 lb. per sq. ft. at 32° F. 


its absolute temperature is tripled, its absolute pressure will 


be tripled and so on. 


ature halves the pressure, etc. 


Likewise, halving the absolute temper- 


Figure 226 illustrates this 


198 PRACTICAL HEAT [Drv. 8 


fact graphically. See Sec. 239 for proof that the above 
statements are the same as those of Sec. 234. 


Nors.—Cuaries’ Law As Just Asove Statep Is Auso SomETiIMEs 
Cautep Dauton’s Law or Gay Lussac’s Law. (This should not be 
confused with Dalton’s laws of mixed-gas partial pressures Sec. 306, 
which is an entirely different thing.) “Dalton in 1801 first published 
the law. Gay Lussac, independently of Dalton, published the law in 
1802. In his publication, Gay Lussac states that Charles in 1787 had 
noted the law but had never published it.” (Stone’s ExpERIMENTAL 
Puysics, p. 92, Ginn & Co., 1897). The above ‘Charles’ law” and the 
following ‘‘Gay Lussac’s law”’ are together often referred to variously 
by different writers as either Charles’ law or Gay Lussac’s law. But for 
the purposes of this book, it is deemed wiser to adopt the nomenclature 
which is indicated. 


238. The Problems To Which Charles’ Law May Be 
Applied are those wherein the pressure of a given weight of 
gas, which is maintained at a constant volume, is known for a 
certain temperature and it is desired to compute either the 
pressure exerted by the gas at a different temperature or the 
temperature necessary to produce a different pressure. In 
practice, it is regarded as more convenient, by some people, to 
apply the general gas law, For. (145), for solving these problems. 

Nott.—Tue Onty Cxanans To Wuicnh CHARLES’ Law APPLIES 
Arg THosr Wuicu Arb Causpp By TH ADDITION OR SUBTRACTION OF 
Heat, whereby the gas temperature is varied. The law cannot, since it 
is true only for a given weight of gas at constant volume, hold for changes 
caused by adding or subtracting gas or by compressing or expanding it. 

239. The Charles’-law Formula which expresses the rela- 
tionship as given in the statement of the law (Sec. 237) is: 


(120) . = r (ratio) 
or, 
(121) P» i (final pressure) 
or, 
(122) T, = a (final temperature) 


Wherein: P; and P, = respectively the initial and final abso- 
lute pressures of any given weight of gas at constant volume, 
which may be expressed in any pressure unit but both must 
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be expressed in the same unit. T; and T, = respectively 
the initial and final absolute temperatures of the gas expressed 
in any temperature unit provided both are expressed in the 
same unit. 


Derivation.—By For. (114): Pr = Pax[l + M%o2(T — 32)]. By For. 
(119): 7 = T — 460. Now, substituting for 7 in For. (114), there 
results: 


(123) Pr=Pa{l + zal (7 — 460) -32]} 
Simplifying, there results: 

(124) as Pal a is (T — 492) | 

(125) Pee Pall +75 133 

(126) Pr= Pal +757 1| 

(27) Pr = P32 X i 

(128) An 33 


Now, 32° F. = 492° F. abs. Hence, by using the symbols of For. (120), 
For. (128) becomes: 


za ei 
which is the same as For. (120). 

Exampie.—lIf the pressure of a certain weight of gas, the volume of 
which is maintained const nt, is 100 lb. per sq. in. absolute and its 
temperature is 300° F. abs., what increase in temperature is necessary 
to increase the pressure exerted by this weight of gas to 150 lb. per sq. in. 
abs.? SoiutTion.—By For. (122), T2 = T,P:/P; = 300 X 150 + 100 = 
450° F. abs. This represents a temperature increase of 450 — 300 = 
150° F. 

ExaMPpLe.—The gage on an airtight compressed-air tank (constant 
volume) registers 115 lb. per sq. in. The air in it has been heated by 
compression to 150° F. What will the gage register when the air cools 
down to 70° F.? Sotution.—By For. (121), P2 = PiT2/T; = (115 + 
14.7) * (70 + 460) + (150 + 460) = 112.7 lb. per sq. in. abs.; or 112.7 — 
14.7 = 98.0 lb. per sq. in. gage. 

EXAMPLE.—Say that 200 lb. per sq. in. is considered a safe gage 
pressure for a certain gas-storage tank (constant volume). Gas is 
pumped into the tank at a temperature of 49° I*. until the pressure 
in the tank is 175 lb. per sq. in. gage. If the valves are all closed when 
the tank is full of gas in this condition, what will be the highest safe 
temnerature to which the tank may be subjected? Soiution.—By 
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Fie, 227.—Air confined 
under constant pressure. 
(Since the weight of the 
perfectly-fitting frictionless 
piston plug and that of 
atmospheric pressure if 
any, are constant, the 
pressure imposed on and 
hence exerted by the air 
must be constant.) 


perature is tripled, 
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(49 + 460) X (200 + 14.7) + (175 + 


= 576° F. abs.; or 576 — 460 = 116° FP. 


240. Gay Lussac’s Law may be stated 
thus: (Fig. 227): If the absolute pressure 
of (imposed on) a given weight of any gas 
ts kept constant, its volume will vary 
directly as the absolute temperature of the 
gas. Note the similarity between this 
and Charles’ law of Sec. 237; with 
Charles’ law the volume is kept constant 
and the pressure varies while with Gay 
Lussac’s law the pressure is kept con- 
stant and the volume varies. Also note 
particularly that Gay Lussac’s law 
applies only when the pressure of, that 
is the pressure imposed on, the gas is 
maintained constant. That is, Gay 
Lussac’s law applies only for 7zsobaric 
(constant-pressure) changes (Sec. 270). 
This law means (Figs. 228 and 229) 
that, with the pressure held constant, 
if the absolute temperature of a given 
weight of gas is doubled, its volume 
will be doubled; if its absolute tem- 
its volume will be tripled and so on. 
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Fie. 228.—Diagram illustrating Gay Lussac’s law. 
constant pressure, the volume varies as the absolute temperature. 


(With a given weight of gas at 
See following graph 


for points corresponding to J, IJ, and III, above.) 
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Likewise, halving the absolute temperature halves the volume; 
with 1s the original absolute temperature the volume will be 
1¢ of the original volume, ete. 


241. The Problems To Temperature Deg. Fahr. 


Which Gay Lussac’s Law -360  -160 +40 4240 +440 
-460 -260  -60 ' +140 +340 +540 


May Be Applied are those %*% 
wherein the volume of a given 
weight of gas, which is main- 
tained at a constant pressure 
is known for a certain tem- 
perature and it is desired to 
compute either the volume of 
the gas at a different temper- 
ature or the temperature 
necessary to produce a 
different volume. Note that, a eo 10 900 


10 
- : ik 200 400 Y 600 800 1,000 
in practice, it is usually more +492 
Temperature Deg. Fahr. Abs. 


convenient to a EP l yi the Fie. 229.—Graph illustrates Gay 
general gas law, For. (145) for Lussac’s law. Shows variation of volume 


: directly with temperature, of any given 
solving these problems. weight of a perfect gas which is maintained 


os O C T at constant pressure and which occupies a 
Nore.—TueE Onty Cuances To volume of 12 cu. ft. at 32° F. 


Wuicu Gay Lussac’s Law AppLizs 

Are THos—E Wuicnw ARE Causep By Tur Appirion Or SUBTRACTION 
Or Heat, whereby the gas temperature is varied. The law cannot, 
since it is true only for a given weight of gas at constant pressure, hold for 
changes caused by adding or subtracting gas or for changes by com- 
pressing or expanding it mechanically unless heat is simultaneously 
abstracted or added at just the proper rates to maintain the pressure 
constant. 
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242. The Gay Lussac’s-law Formula, which expresses 
mathematically the preceding verbal statement of the law, is: 


(130) v = i (ratio) 
or, 
(131) Va ie (anal uine) 
or, 
(132) T, = eke (final temp.) 
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Wherein: V; and V2 = respectively the initial and the final 
volumes of the gas which may be expressed in any unit of 
volume, but both must be expressed in the same unit. T, 
and T. = respectively the initial and final absolute tempera- 
tures of the gas expressed in any temperature unit provided 
both are expressed in the same unit. 


DerivaTion.—The formula given above (130), can be derived from 
For. (116) just as was For. (120) derived from For. (114) in Sec. 239. 

Exampie.—A given weight of a gas is confined at atmospheric pressure 
and occupies 75 cu. ft. at 520° F. abs. What volume will it occupy at 
635° F. abs. and at the same pressure? Soiution.—By For. (131), 
Va = Vito/Ti = 75 X 685 = 520 = 91.6 cu. fe. 

Exampie.—A body of gas at 580° F. abs. is compressed to one third of 
its original volume. To what temperature must it be cooled to reduce 
its pressure to the same value as that before the compression? Sotv- 
TION.—By For. (132), T2 = T1V2/Vi = 580 X 1 + 38 = 198° F. abs. 

Exampie.—lIf a certain weight of a flexibly confined gas (Fig. 230), 
which is maintained at constant pressure has a volume of 9 cu. ft. at 
32° F., what will be its volume when the gas is heated to 52°? What 


Heat-Insulating Barrier, A 
B2EY 22 


Fia, 230.—Showing decrease in volume at constant pressure due to 10° FP. decrease in 
temperature, 


would be its volume if the gas were cooled to 22° F.? Sotution.—By 
For. (118), T = 7 + 460. Hence Ti, (82° F.) = 32 + 460 = 492° F. 
abs. Also, T; (52° F.) = 52 4-460 = 512° Ff. abs. And, Ts (22° BF.) = 
22 + 460 = 482° F. abs. By For. (131), V2 = Vi T2/T: = 9 X 512 + 
492 = 9.37 cu. iftic Also, Vs -— ViT3/T, = 9 X 482 + 492 = 88 cu. ft. 

Exampie.—lf 100 cu. ft. of air at 60° I’. is drawn into a boiler furnace, 
what volume will this air occupy: (a) In the combustion chamber where 
the temperature is 2,350° '.? (6) In the last pass of the boiler where the 
temperature is 500° F.? (c) In the stack where the temperature is 250° 
F.? The pressure of the flue gases is, practically, atmospheric pressure 
in all parts of a furnace, boiler, and stack. Hence, the pressure may be 
assumed to be constant in this example. 

So.ution.—By For. (118), T = 7 + 460. Hence, T; (60° F.) = 60 + 
460 = 520° F. abs. Also, Tz (2,350° F.) = 2,350 + 460 = 2,810° F. abs. 
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and T; (500° F.) = 500 + 460 = 960° F. abs. and Ty, (250° F.) = 250 + 
460 = 710° F. abs. (a) By For. (131), V2 = ViT2/T: = 100 X 2,810 + 
520 = 540 cu. ft. (6) Also, Vs = ViT3/T: = 100 X 960 + 520 = 185 
cu. ft. (c) And, V4 = ViTa/Ti = 100 X 710 + 520 = 187 cu. fe. 


243. A Combination Of Two Of The Three Fundamental 
Laws (Boyle’s, Charles’ And Gay Lussac’s) May Be Employed 
To Determine The Effect Of Simultaneous Changes In 
Volume, Pressure, And Temperature, for a given weight of any 
gas, when values for all three of these properties are known 
for the initial condition and values for two of them are known 
for the final condition. (See Table 244.) First, to find the 
result due to the changes in two of the properties, one of the 
laws is employed. Then, one other of the laws is applied 
(using the value obtained in the first operation) to compute 
the effect of the change in the third property. In any case, the 
two formulas which are used are the ones in both of which the 
unknown quantity (V, P, or T) appears. The following 
example explains the operation. 


Note.—For. (133) Waicu Compines In ONE Boyte’s, CHARLES’, AND 
Gay Lussac’s Laws, May Br Usp Instnap Or Tum Asove EXPLAINED 
OpERATION.—Or, in practice, the general gas law, Sec. 249, which is usu- 
ally more convenient and which is of broader appiication is, ordinarily, 
employed. The material in the preceding and following sections is 
included principally to permit of a logical development of the general gas 
law of following Sec. 249. 


PRACTICAL HEAT [Div. 8 


204 


‘a[qe} AOGB oY} Ul aInyesodurIey aynjosqy = J 


TAS aes, SY eee teh F 's,oBssy ABr) ainsselg = *q | 
SAU SAL: = ear me 4 * SopteqD ainyerodulay, = *] euInjoA = 74 | 
DES a ioe tq * Sa[1By) ainyesodulay, = 7 | ainyelodumay, = ly 
*Lid ies * SopAog amnsselg = *Y ounjoA = *4 | ammssolg = 'g 
| aumNnjoA = '4 
nL i (tees Ae ge ee Avr) amnjyeroduiay, = *y 
SUC AL ete Ot 4 ‘sa, Aog auInfoA = #4 ainsselg = *q 
leat [ergtuy 
[SMB] OY} IOF svpnuI0y : SMB] ASOT OS) ANI OL 


NGHAID 


‘(ses Aue jo 7y62am waar v sof Ajuo satjdde styy,) EFz 


"00G 9OG—'SMBT S,dessnT Avy puy ‘sepIeyD ‘s,efAog JQ suoeoddy peurquiog Burmoys a[qel ‘pPz 


Src. 245] HEAT PHENOMENA OF GASES 205 


EXaMPLE.—A cylinder (Fig. 231) contains 1 cu. ft. of gas at an absolute 
pressure of 15 lb. per sq. in., and temperature of 500° F. abs. Now, the 
absolute pressure is increased (Fig. 232) to 30 lb. per sq. in. Then, the 


Thermometer Showing 
Thermometer Showing ‘Absolute Temperatures 
jAbsolute Temperatures : Adload Weight, 


‘Movable Piston Bead z 


FoF ° 
‘Movable tbe PisFon Heard : Gage Showing Absolute ." 
Absolute-Pressure Gage’ Pressures------ 

Fie. 231.—Illustrating the Fie. 232.—First change; change 
initial conditioa’ of the gas in of volume and pressure in accord- 
the example. ance with Boyle’s law. 

temperature is increased (Fig. 233) to 600° F. abs. _-hololeol Weight 
What is the resulting volume? (The final result TW 
would be the same if the above-specified changes | W 
all occurred simultaneously instead of occurring LK --- Rs 
one after the other.) ee 
Sotution.—Call the volume of the gas after the > TTB eat 
first change (Fig. 232) V2’. Then, in accordance ‘M: VE 
with Boyle’s law, the final volume due to the i es 
pressure change alone, as given by For. (110) = | ‘| : 
Vo = PiVi/P2=1 X 15 +30 =0.5 cu. ft. Then ™ me | 
according to Gay Lussac’s law, the volume due to 50th eae 
the temperature change alone, as given by For. / UF; 5 : 
(131) = Vz = V2!T2/T: = 0.5 X 600 + 500 = We “Torch 
0.6 cu. ft. ace ee. 
Showing ooge 


245. The Formula Which Combines peti ires 
Boyle’s, Charles’, And Gay Lussac’s LaWwsaag esse 
and which applies for a given weight of change; change of vol- 


ume and temperature in 


any gas, the derivation of which is given ,,o.dance with Gay 
below, is this: Lussac’s law. 


Bay eel ay & 


(133) TT: (units as noted) 
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Or, by transposing, 


(134) P,= alads (final abs. pressure) 
V2.1, 

(135) Wo = St (final volume’ 

(136) ‘15. Haws (final temperature) 
PV) 


Wherein: P; and P2 = respectively, the initial and final abso- 
lute pressures of the gas in any pressure unit but both must be 
in the same unit. Vj, and V2 = respectively, the initial and 
final volumes of the gas in any volume unit but both must be in 
the same unit. T, and T, = respectively, the initial and final 
absolute temperatures of the gas both on the same scale. 

DERIVATION.—Repeating the three fundamental gas-law formulas and 
stating them in their general forms without employing any specific units: 
Boyle’s law, For. (108) is: 

PyVa 


(137) P, = we Orel SIA 
Charles’ law, For. (120) is: 

(1388) n = r ODeilas— abs 
Gay Lussac’s law, For. (130) is: 

(139) vs = 7 or ViT2 = VoT; 


Now multiplying together the second forms of each of the above equa- 
tions, there results: 


(140) PiVi X PiT2 X WiT2 = P2Ve2 X PoT: X VoTi 
Or performing the multiplication indicated above: 
(141) PVT = PV 32D 
Extracting the square root of both sides of the equation: 
(142) PiViT2 = PoVoTi 
Or transposing to a more convenient form: 
Piva 
a) a 


which is the same as For. (133), 

EXaMPLE.—Solve, using For. (133) transposed, the example which is 
given under Sec. 244. Sonurion.—By For. (135), V2 = P1ViT2/P2T; 
= 15 X 1 X 600 + 500 X 30 = 0.6 cu. ft. 

ExaMpPiy.—A certain quantity of air (Fig. 234) has a volume of 40 
cu. ft. when at a pressure of 30 lb. per sq. in. abs. and a temperature of 
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80° F. The air is permitted to expand until its volume is 80 cu. ft. and 
simultaneously its temperature is reduced (by cooling) to 50° F. What 
is the absolute pressure which is exerted by the air at the end of its 
expansion? Sotution.—80° F. = 80 
pee O0r—= 15400, abs. 60° He BOT yore! Contaiier 
+ 460 = 510° F. abs. Now, by For. ; 
(134), Pe = PiViT2/VeTi = 30 X 40 Vacuum 
xX 510 + 80 X 540 = 14.2 lb. per sq. 
in. abs. Kalve, 
Exampie.—lf a city is supplied 
with natural gas (Fig. 235) under an 
agreement to pay 25 ct. per 1,000 cu. 
ft. when the gas is measured at at- 
mospheric pressure (14.7 lb. per sq. in. 


"Reads 1 00 Det: Reads 50 Deg. 


abs.) and at 60° F., what should the 

city pay for 20,000 cu. ft. measured sepuaretal Heat Gl 

at 90° F. and 300 Ib. teas Boe Beeet Fie. 234.—What is the final pressure, 
SoLution.—Since this is a problem Bx, wh ano orien 


involving a given weight of a given 

gas, it may be solved by the combined gas law, Sec. 245. Applying 
For. (135), Ve = PiViT2/P2T,: = (800 + 14.7) X 20,000 x (460 + 
60) + [14.7 X (460 + 90)] = 314.7 X 20,000 520 + (14.7 x 540) = 
412,300 cu. ft. Hence, the city should pay $0.25 X (412,300 + 1,000) = 
$103.08. 
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20,000 Cu. Ft 
Sebati Gas City For The Day-.. 
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Fie, 235.—At 25 ct. per 1,000 cu. ft. measured at 14.7 lb. per sq. in. abs. and at 60° F., 
how much does the city owe for the day’s supply of gas? 


Notr.—Terms Uszep In Tuosz Hat-pncInr Prospuems, WHICH 
May Ber Sotvep By Appiyine Tue Genera Gas Law Formu.as, an:? 
which should be understood before proceeding, are: The ‘‘bore’’ of an 
engine is the internal diameter of its cylinder—the outside diameter of 
its piston. The “stroke” of an engine is the lineal distance, along the 
cylinder, which is swept through by the piston; it is equal to the travel 
of the crosshead. The “clearance” or ‘‘clearance volume” of an engine 
is the volume of space, in the engine cylinder, left between the adjacent 
cylinder head and the piston when the piston is at the end of its stroke, 


208 PRACTICAL HEAT (Drv. 8 


plus the volume of the part which leads to it; clearance is usually 
expressed as a ratio in per cent thus: Clearance = (clearance volume) / (vol- 
ume swept through by piston). The “displacement volume” of an engine 
is the volume through which the piston sweeps. 

Exampie.—A gas engine, which has a clearance of 20 per cent., draws 
in a charge of gas at atmospheric pressure and at a temperature of 70° F. 
The charge completely fills the clearance and the displacement volumes. 
The charge is then, prior to ignition, compressed into the clearance. The 
gage pressure, which the gas then exerts, as shown by a pressure gage, is 
145.3 lb. per sq. in.; what is the temperature of the gas? 

SoLuTIon.—T, = the unknown. 7T, = 70 + 460 = 530° F. abs. P, = 
14.7 1b. per sq. in. abs. P2 = 145.3 + 14.7 = 160.0 lb. per sq. in. abs. 
Vi = (displacement volume) + (clearance volume) = 100 per cent. + 20 
per cent. = 120 per cent. V2 = clearance volume = 20 per cent. Now, 
substitute in For. (GIBXR)¢ hy = P2VeT1/PiVi1 = (530 x 160 X 20) = 
(14.7 X 120) = 1,696,000 + 1,764 = 961° F. abs. or 961 — 460 = 501° F. 

ExampLe.—Assume that the charge of gas, after being compressed, as 
in the preceding example, is ignited. If the temperature—combustion 
temperature—then becomes 3,258° F. and the piston has not moved 
from the final position which was specified in the example just preceding, 
what then will be the pressure against the piston? 

SoLuTIon.—Since the gas charge here considered is the same one that 
was used in the first gas-engine example, the same original, initial condi- 
tion may be taken for the preceding example and for this example. 
Hence: P; = 14.7 Ib. per sq. in. abs. 2 = the unknown. V;, = 120 
per cent. V2 = 20 per cent. T, = 530° F. abs. Te = 3,258 + 460 = 
3,718° F. abs. Now, substitute in For. (184): Pe = P\V\T2/V2T, = 
(14.7 X 120 X 3,718) + (20 X 580) = 6,558,552 = 10,600 = 618.7 Jb. 
per sq. in. abs. ANOTHER SoLtuTIoN Or Tuts SaME EXAMPLE could be 
effected by using in this example the final-condition values from the 
preceding example, thus: P2 = PiViT2/V2T; = (160 X V X 3,718) + 
(V X 961) = 594,880 + 961 = 618.7 lb. per sq. in. abs. or 618.7 — 14.7= 
604 lb. per sq. in. gage. 

Exampin.—The same charge of gas, which was considered in the two 
examples just preceding, was ignited and exploded in the previous 
example. It now expands and pushes the gas-engine piston before it to 
the end of the expansion stroke. If the pressure exerted by the gas 
at the end of its expansion stroke is 40 lb. per sq. in. abs., what is its 
temperature? 

SoLution.—Since the gas charge which is considered here is the same 
one that was used in the first gas-engine example, the same original, initial 
conditions which were employed in the two examples just preceding may 
be used in this example. Hence: T, =theunknown. T,; = 530° F. abs., 
from the preceding example. P; = 14.7 lb. per sq. in. abs. Py = 
40 lb. per sq. in. abs. V remains constant, since for both the second and 
the first conditions it is 120 per cent. Now substitute in For. (136): 
To = P2V2T,/PiV; = (5380 X 40 X V) + (14.7 X V) = 21,200 + 14.7 = 
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1,442° F. abs. ANoTHER SoLuTion Or Tus Samp Examp.E could be 
effected by using in this example, the final-condition values from the 
preceding example, thus: T. = P2V2T:/PiVi = (3,718 X 40 X 120) + 
(618.7 X 20) = 17,846,300 + 12,347 = 1,442° F. abs. 

246. For Any Given Weight Of A Perfect Gas, The Quo- 
tient, Which Is Obtained By Dividing The Product Of Its 
Absolute Pressure And Volume By Its Absolute Temperature, 
Is A Constant; that is, the quotient has the same value for 
any condition of the gas. This is merely a statement, in 
words, of the fact which is expressed mathematically by For. 
(133). Or, the same fact stated in still another way is: 


(144) ~ = (constant) 


Wherein: P = the absolute pressure, which is exerted on or 
by any weight of the gas, in any pressure unit. V = the 
volume, of the same weight of gas when it is exerting the 
pressure P, in any volume unit. T = the absolute tempera- 
ture, of the same weight of gas when it is exerting the pressure 
P, in any temperature unit. k = a constant value, for the 
given weight of gas, for any pressure-volume-temperatiure 
condition, the pressure, volume, and temperature respec- 
tively being always expressed in the same unit for each differ- 
ent condition. That is, this k represents a constant value in 
the same way that the value of k (Sec. 112) in the Boyle’s-law 
formula remains constant for any given weight of a gas. 
247. Values Of “k” For 1 Lb. Of Different Gases have 
been determined experimentally for practically all of the 
known gases. In this book such values are denoted by the 
symbol ‘“‘kg.’’ They are, for some of the more common 
gases and for certain measurement units, given in Table 251. 
These Table 251 values hold only for 1 lb. of gas where: (1) The 
volume is measured in cubic feet. (2) The absolute pressure is 
measured in pounds per square foot. (8) The temperature is 
measured in degrees Fahrenheit absolute. If measurement 
units other than those just specified in (1), (2) and (3) are 
employed, then the kg values will change accordingly. 
EXPLANATION.—IN DETERMINING EXPERIMENTALLY THE VALUE OF 


kg For A GivEN GaAs, it is only necessary to measure simultaneously 
the: (1) absolute pressure, and the corresponding (2) volume, (8) absolute 
14! 


210 PRACTICAL HEAT [Drv. 8 


temperature, and (4) weight of the quantity of gas under consideration. 
The quantity may be any that is convenient. Similarly, the pressure 
and the corresponding volume and temperature condition may be any 
that are convenient. Then, applying For. (144), multiply together the 
corresponding absolute pressure, P, and volume, V, and divide their 
product by the absolute temperature, T. The result will be & for the 
total quantity of gas under consideration. As stated in the preceding 
section, the value of k for any given weight of any certain gas will always 
be the same regardless of its pressure, volume and temperature condition. 
Then, by dividing the ‘‘k”’ value thus computed by the number of pounds 
in the total quantity of gas, the value of k for 1 |b., that is, the value of 
ke is obtained. To explain the reason for this, suppose that 1 lb. of a 
gas, at a given temperature and pressure, occupies 1 cu. ft. It is obvious 
that, at the same pressure and temperature, 2 lb. of the gas must occupy 
2 cu. ft., and W pounds must occupy W cu. ft. Now, since k = PV/T 
and since V varies directly as the weight of gas under consideration, it 
follows that k must also vary directly with the weight. 

Notr.—It Is Atso Trur Tuat, For Any Gas: ke = [(Its specific 
heat at constant pressure) — (Its specific heat at constant volume)| X 778. 
This is here stated merely as an interesting fact; no endeavor will be 
made herein to explain the reason therefor. 

Exampte.—lt is found by experiment that 1 cu. ft. of air at atmos- 
pheric pressure and at a temperature of 32° F., weighs 0.080,71 Ib. 
What is the gas constant, kg, for air. Soturion.—By definition, 
atmospheric pressure = 14.7 Ib. per sq. in. abs. = 14.7 X 144 = 2116.8 
lb. per sq. ft. abs. Also, taking the more accurate value of ‘'459.6°,” 
instead of the usual ‘460°’ for the difference between the absolute 
zero and the Fahrenheit zero: 32° F. = 32 + 459.6 = 491.6° F. abs. 
Now substitute in For. (144) to obtain the constant for this weight 
(0.080,71 1b.) of air = k = PV/T = 2116.8 X 1 + 491.6 = 4.306. The 
same constant “4.306” would be obtained, for this weight of air, for any 
other temperature—pressure—volume condition. Now divide by the 
weight of air to obtain the gas constant for 1 Ib. of air = kg = 4.306 + 
0.080,71 = 53.34, which is the same value as that given for air in 
Table 251. 


248. The General Gas Law (The Perfect-gas Law) states 
the relation which exists between the pressure, volume, abso- 
lute temperature, and weight of a perfect gas. It is generally 
expressed as an equation as shown by For. (145). It is a 
very important law and one with which every engineer should 
be familiar because it recognizes in one equation every property 
of a given gas that may change, that is, which is variable. 
It is based on a combination of Boyle’s, Charles’ and Gay 
Lussac’s laws, as is shown in the following derivation. 
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249. The General-gas-law Formulas are given below. 
Note that, in substituting in these formulas, pownds-per-square- 
foot absolute-pressure values and degrees Fahrenheit absolute- 
temperature values must be used. But these may readily 
be derived from gage-pressure and degree-Fahrenheit values, 
as explained in Secs. 17 and 62. 

(145) PV =WkceT (pressure and volume) 


hence, transposing: 


(146) a ee (lb. per sq. ft. abs.) 
furthermore: 
(147) V= Ve? (cus ft.) 
and: 

RV 
(148) i= Whe (deg. Fahr. abs.) 
and: “ 

PV 
(149) W = koT (Ib.) 
and: 

» PV 

(150) ke = WT (gas constant) 
and: 

WwW je? 
(151) D= V kod (lb. per cu. ft.) 
Wherein: P = the absolute pressure of the gas, in pounds per 
square foot. V = the volume of the gas, in cubic feet. 


W = the weight of the gas, in pounds. ke = a constant 
which varies with the kind of gas and with the units of measure- 
ment which are used; for the units here specified, values for 
different gases are given in Table 251. T = the absolute 
temperature of the gas in Fahrenheit degrees. D = the 
density of the gas, in pounds per cubic foot. 

DeERIvATION.—For. (144) is merely another way of expressing For. 
(133) which is derived, as there shown, by combining Boyle’s, Charles’ and 


Gay Lussac’s laws. Now, For. (144) is for ‘‘any given weight of gas.” 
That is, it assumes that the weight of gas under consideration is con- 
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stant. Thus, repeating For. (1383) but using symbols which express: 
(1) Pressure in pounds per square foot, (2) volume in cubic feet, (3) tempera- 
ture in degrees Fahrenheit absolute, there results: 


(152) b= a (constant for any given weight of gas) 


Now, by definition, kg = gas constant for 1 lb. of gas. It was shown 
under Sec. 247 that if ke, which is the gas constant for 1 lb. of the gas 
which is under consideration, be multiplied by W, which represents the 
total weight in pounds of the gas, the result will be k, the constant for the 
total amount of gas. That is: 

(153) k = Wke (constant for any given weight of gas) 
Now, substituting the equivalent of k from For. (153) in For. (152) there 
results: 

(154) Wke = a 
and then transposing: 

(155) Wkel = PV 


which is the same as For. (145). 


250. The General-gas-law Formulas Are The Engineer’s 
Practical Working Formulas.—Any problem which can be 
solved by applying either Boyles’, Charles’, or Gay Lussac’s 
laws can be solved with them. Furthermore, by their use 
many problems, to which none of these three laws apply, can 
be worked. Hence, they are the only formulas that need be 
memorized for any of these computations. The examples 
which are given below illustrate only a few of their many 
applications. 

Note.—Tue Generat Gas Law Hoips Onuy For Prrrecr GAszEs— 
as they are defined in Sec. 226 as do all of the other laws treated in 
this division. In fact, the following definition is sometimes given: 
A gas which has properties such that tt conforms exactly to the general gas 
law is a perfect gas. But the performances of many ordinary gases con- 
form sufficiently to the general gas law that, for the usual engineering 
computations, it provides results well within the limits of required 
accuracy. 

251. Specific Heats, Values Of “k’? And Values Of ‘“k,” 
For Some Of The More Common Gases.—Specific-heat 
values shown are average values over the temperature ranges 
(82°-400° F.) ordinarily encountered in practice. Values in 
line 9 are variable. All others are from Marks’ “‘ Mechanical 
Engineers’ Handbook.” See Sec. 247 for units which must be 
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employed when the kg values are used. The substances of 
items 1, 2 and 10 are not to be treated as gases unless highly 
superheated; see Div. 11. 


| 
Specific heat 

Nay ae ee eee, kg = Gas 

Name of gas ical | ae poner ane 

aver | At constant | At constant; Cp + Cy | = (Cp — 

| pressure, volume, (O72) S< 19h) 

Cp Cv 

1 | Sulphur dioxide...... SO2 0.154 0.123 125) 24.10 
2 | Carbon dioxide....... | COs 0.210 0.160 1.31 35.09 
Ba) Oxyrens screns chistes O2 0.217 0.155 1.40 48.25 
Ly let: Wretce AL Ae aa ee OG AOD eae 0.241 0.171 1.40 53.34 
BP NGERORER ewe areca oe No 0.247 0.176 1.40 54.99 
Glbithaylenessasss esses: | CHa 0.400 0.330 1.20 55.08 
7 Carbon monoxide.... Co 0.243 0.172 1.41 55.14 
8 | Acetylene... sc... ... CoHe 0.350 0.270 1.28 59.34 
D | Blastorarnmt eas xe setevcl| a.s-3; eye 0.245 0.174 1.40 55.05 
LOM) AMIN ONIG occ a2 oes NH3z 0.523 0.399 f Nee 90.50 
CinsMetharies 54 ocumic 2 CH, 0.593 0.450 1.32 96.31 
hin) [RE Bi fon ey atte eee en ey Hz 3.42 2.44 1.40 765.9 


252. The Problems Which Can Be Solved With The 
General Gas Law, Fors. (145) to (151), are: (1) Those in 
which values for four of the fiwe properties—pressure, volume, 
temperature, weight, and kind of gas— of a quantity of gas are 
known for a certain condition and it is desired to determine the 
value of the fifth property for that condition. (2) Those in 
which values for four of the five properties of a quantity of gas 
are known for a first given condition and, for a second condition, 
two of the values change while the other three remain constant; 
then, knowing the final value of one of the changed properties, 
the value of the other changed property may be computed. 


Exampie.—A vessel (Fig. 236) contains 5 lb. of air. The gage pres- 
sure is 20 1b. per sq.in. The temperature is 90° F. What is the cubical 
content of the vessel? Sonution.—The absolute pressure = (20 + 14.7) 
< 144 = 5,000 lb. per sq. ft. The absolute temperature = 460 + 90 = 
550° F. abs. From Table 251, kg for air = 53.34. Now substituting 
the known values in For. (147): V = WkeT/P = (5 X 58.34 X 550) 
+5.000 = 29.3 cu. ft. 
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Exampie.—aA receiver (Fig. 237) contains 800 cu. ft. of compressed 
air at a gage pressure of 120 lb. per sq. in. Its temperature is 80° F. 
What is the weight of the air. Sonution.—The absolute pressure = 

(120 + 14.7) X 144 = 19,400 lb. per sq. ft. 

Thermometer->9 Reads The absolute temperature = 460 + 80 = 

540° F. abs. From Table 251, ke for air 

= 53.34. Now substitute in For. (149): 

W = PV/keT = (19,400 X 800) + (53.34 XK 
540) = 539 lb. 


Thermometer 
Reads 80 Deg. fake. 


Pressure Gage Reads FAC 
120 Lb. Per 5g, In.-" 


a) Paves De ESE a 2 
oe OONGUN E tamne 


4 


Sheet- Steel Tank.-7 Welded Sheet-Stee! Rece/ver-* 


Fia. 236.—What is the volume Fie. 237—What is the weight of the air? 
of the vessel? 


Exampuiy.—lIt is desired to store 50 1b. of oxygen 
gas in a metal cylinder (Fig. 238) which is 3 ft. in 
diameter and 8 ft. long. What must be the pres- 
sure shown by the gage on the tank when it con- 
tains 50 lb. of oxygen, if the oxygen is pumped in 
at a temperature of 120° F.? Sontution.—The 
volume of the tank = 0.785 X 3 X 3 X 8 = 56.5 
cu. ft. From Table 251, for oxygen, kg = 48.25. 
The absolute temperature = 120 + 460 = 580° F. 
abs. Now substitute in For. (146): P = WkeT/V 
= (50 X 48.25 X 580) + 56.5 = 24,765 Ib. per sq. 
ft. abs. Pounds per square inch absolute = 24,765 
+ 144 = 171.9 lb. per sq. in. abs. Gage pressure 
= absolute pressure — 14.7 = 171.9 — 14.7 = 157.2 
lb. per sq. in. = pressure which should be shown by 
“gage on cylinder. 

HxXAMPLB.—An air compressor pumps 120 cu, 
ft. per min. of free air (atmospheric pressure), 
f which is at an average temperature of 70° F. 
~\ Disregarding the effect of moisture in the air, what 
is the weight of the air which is pumped each 
pe ae minute? Sonrurron.—From Table 251, for air, 
Nee es 4 ka = 53.34. Now, substitute in For. (149): W = 

cylinder B PV /keT = [(14.7 X 144) X 120] + [53.34 x (70 
Fria. 238.—What is + 460)! = [2,116.8 x 120] + [53.34 x 530] = 
the gage pressure? 254,016 + 28,276 = 9.0 lb. 
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Exampte In Wuicu Tur Vavuss I’or our Properties ARE KNowN 
For A Frrst Given Conpition Anp, For A SEconp Conpition, Two 
Or THe VaLups CHANGE WHILE THE OTHER THREE REMAIN Con- 
STANT, it being necessary to determine the final value of one of the 
changed properties: A steel container holds 800 cu. ft. of air which 
is at a pressure of 19,400 lb. per sq. ft. abs. and a temperature of 540° F. 
abs. What will be the pressure exerted by the air if its temperature is 
increased to 600° F. abs.? Sotution.—From Table 251, for air, ka = 
53.34. Hence, by For. (149), W = PV/keT = 19,400 X 800 + (53.34 
X 540) = 538.7 lb. Now substitute in For. (146): P = WkeT/V = 
538.7 X 53.34 X 600 + 800 = 21,567 Ib. per sq. ft. abs. 


253. The “Density”? Of Any Substance is its mass per unit 
of volume. In engineering, density is usually considered as the 
weight of a unit volume of a substance—that is, if a body’s 
weight be divided by its volume, the result is called its density. 
The weight and volume may be measured in any convenient 
units. If the weight be measured in pounds and the volume 
in cubic feet, the resultant density is expressed in pounds 
per cubic foot. This unit (lb. per cu. ft.) is very widely used 
in engineering work. The formula for density, expressed 
in this unit, is: 


(156) by = kid (Ib. per cu. ft.) 
which, by transposition, gives: 

WwW : 
(157) V= D (cu. ft.) 
and 
(158) Wire) 1) (pounds) 


Wherein: D = the density of a substance, in pounds per cubic 
foot. W = its weight, in pounds. V = its volume, in cubic 
feet. 


Exampie.—lf 6 cu. ft. of water weigh 375 lb., what is the density 
of the water? Sonurion.—By For. (156), D = W/V = 375 +6 = 
62.5 lb. per cu. ft. 

Examp.e.—lf the density of air (under certain conditions) is 0.1 lb. 
per cu. ft., what valume will 8 lb. of air occupy? Soiution.—By For. 
(157), V = W/D =~ 8 + 0.1 = 80 cw. ft. 

ExamMPpLe.—What weight of hydrogen will be contained in a 5-cu. ft. 
container if the density of the hydrogen is 0.03 lb. per cu. ft.? Sonu- 
TION.—By For. (158), W = VD = 5 X 0.03 = 0.15 lb. 
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254. The Density Of Any Substance Will Vary with its 
temperature or with any other property which affects its 
volume. ‘Thus, since heating a solid expands it but does not 
(ordinarily) change its weight, it is obvious that heating will 
decrease the density of a solid. With gases, the density 
depends on the pressure, temperature, and kind of gas. With 
a given weight of a certain gas, the density varies with the 
pressure and temperature. Formulas for the density of a gas 
and for its variations with pressure and temperature are 
derived by substituting from For. (156) into the gas-law 
formulas which have already been developed. Thus, for a 
given weight of any gas at constant temperature (Boyle’s 
law): 


(159) - = m (ratio) 

or 

(159A) De = a (final density) 
1 


at constant volume, (Charles’ law): 
(160) D, = D, (density) 


at constant pressure (Gay-Lussac’s law) : 


ieee 


(161) Tea (ratio) 
or 

D,T 
(162) Dy = a . (final density) 


For a given weight of any gas (combined law): 


PB Py ; 
(163) DT, D.Ts (ratio) 
or 

Dilsks 
(164) D, = (final density) 
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Now from For. (156) Dr = W/V. Then, substituting 
this Dp for its equivalent in For. (151) for the general gas law, 
it follows that for any gas. 

Pr 
(165) Dp = (Ib. per cu. ft.) 
keTr 
Wherein: D = density. P = absolute pressure. T = abso- 
lute temperature. The units may be any convenient ones; the 
subscripts ; and 2 referring respectively to the initial and 
final conditions of a gas which undergoes a change of condition. 
D,; = density, in pounds per cubic foot. Pr = absolute 
pressure, in pounds per square foot. Tr = absolute tempera- 
ture, in degrees Fahrenheit. ke = gas constant, as given in 
Table 251. 


Exampip.—The density of a certain gas is 0.2 lb. per cu. ft. when 
under 200 lb. per sq. in. abs. pressure. What will be the density of the 
same gas under 30 lb. per sq. in. abs. and at the same temperature? 
SoLuTion.—By For. (159A), D2 = DiP2/P; = 0.2 X 30 + 200 = 0.03 lb. 
per cu. ft. 

Exampie.—lIf the density of air is 0.15 lb. per cu. ft. when under a 
certain pressure and at 40° F., what will be its density when under the 
same pressure but at 1,140° F.? Soxturion.—By For. (162), De = 
D;T,/T2 = 0.15 X (40 + 460) + (1,140 + 460) = 0.15 x 500 + 1,600 = 
0.047 lb. per cu. ft. 

ExaMPpLE.—A given weight of gas, when under 30-in. mercury column 
and at 60° F. has a density of 0.06 lb.*per cu. ft. What will be its den- 
sity when under 10 in. mercury column and at 20° F.? Soutution.—By 
For. (164), Ds = D;TiP2/TP: = 0.06 X (60 + 460) xX 10 + [(20 + 
460) X 30] = 0.06 X 520 X 10 + (480 X 30) = 0.021,7 lb. per cu. fet. 

ExampiLe.— What is the density of oxygen at atmospheric pressure and 
32° F.? Sotutrion.—From Table 251, ke (for oxygen) = 48.25. Hence 
by For. (165): Dp = Pr/keTr = (14.7 X 144) + (48.25 X 492) = 
0.089,2 lb. per cu. ft. 


255. Table Of Absolute And Relative Densities Of Various 
Gases. (Based on values in Marks’ “ Mechanical Engineers’ 
Handbook,” p. 316). Carbon dioxide and ammonia, at the 
pressure and temperature given, are sufficiently superheated 
that they may reasonably be considered as gases. 
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‘ =e 7 é | 
Absolute density in lb. 
per cu. ft., at atmos- | Relative 
: pheric pressure, or 14.7 | density as 
Kind of gas Ib. per sq. in. absolute | eompared 
to air 
64° F. 32° H. 
(ALTE ence yetor aa aie ene et a 0.0761 0.0807 1.000 
(Op aigigs Wy ateias Sho euids earns OMe one 0.0840 0.0892 1.105 
Nitrogen mcr. meem tier ere ere 0.0737 0.0783 0.970 
TER RON, ooanoceonaccccosencs| O,O0E2e 0.00562 0.0696 
Carbonemonoxid Ceaaesnis nel 0.0734 0.078 0.968 
Carboantdioxid ease renee 0.1156 0.1227 1.520 
ATI ODS Ampere Cee wouee aor 0.04483 0.0476 0.590 
Acetylenewinas cats eeere er eke 0.0684 0.0725 0.899 
Methane. 3cc cesses. oie eration 0.0421 0.0447 0.554 
thy lene wn -cusnnc ee e ae: 0.0738 0.0780 0.969 
256. Air Drafts Are Caused By Differ- ¢Smoldering Fire on Ene: 


ences In The Density Of The Air.— 


of 


Tissue 
¢Poper 


lia, 239.—Hot gas lifts 
the toy balloon. 


When a body of air 
is heated it expands; 
its density decreases. 
It thus. becomes 
lighter per unit of 
volume. Therefore, 
it tends to ascend, 
due to its displace- 
ment by the cooler 
and heavier air from 
above. Thus the less 
dense air is forced 
upward by the denser 
air above it just asa 


cork is forced upward in water by the 


denser water above it. 


Woodlen Stick 


Gloss Front--" 


Fre. 240.—Air-draft pro- 
duced by heat. 


Toy balloons (Fig. 239), also many 


balloons which are built for actual service, derive their 
buoyancy from the low-density hot air and combustion gases 


Suc. 256] HEAT PHENOMENA OF GASES 219 


with which they are inflated. The draft (see the author’s 

SreamM Boruers) which is produced by all chimneys, power- 

plant and others, likewise depends upon this principle. 
Exampie.—Two glass chimney-tubes, A and B (Fig. 240) are placed 


over apertures in a box, C, which has a glass side. A lighted candle is 
placed in the tube B. Thereby the air in tube B becomes heated and 


| ~Stev// Floo: 
4 


VA 


Fic. 241.—Barn ventilated by rising warm-air currents. (The air in the stall floor, 
F, becomes warmer than the outside air due to the heat given off by the animals. It is 
then displaced by colder outside air and forced up through ducts, D.) 


its density decreases. Therefore it rises, due to its displacement by the 
cooler denser air which decends through tube A. A draft is thus 
produced which forces the smoke downward from the smoldering fire at 
the top of A. Thesmoke can then be seen flowing down through chimney 
A into the box, C, and thence upward through chimney B. See also 
Fig. 241. 

ExamMPpLe.—Hach of the chimney-tubes, A and B (Tig. 240) is assumed 
to be 100 ft. high and of 1 sq. ft. cross-section. The temperature in tube 
A is 64° F., and in tube B 464° F. What pressure, in inches water 
column, tends to force the smoke up through tube B? Soxtution.—By 
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Table 255 the density of the air in tube A under atmospheric pressure at 
64° F. = 0.076,1 lb. per cu. ft., the absolute temperature in tube A = 
460 + 64 = 524° F. abs., and in tube B = 460 + 464 = 924° F. abs. 
By For. (162) the density of the air in tube B = Dy = D,T;/T2 = (0.076,1X 
524) + 924 = 0.043,2 lb. per cu.ft. The volwme of airin each tube = 100 X 
1 = 100 cw. ft. Hence, the weight of the air in tube A = 100 X 0.076,1 = 
7.61 lb., while the weight of the air in tube B = 100 X 0.043,2 = 4.32 Ib. 
Therefore, the boosting pressure in tube B = 7.61 — 4.82 = 3.29 lb. per 


For Cook Stove--.. .-->\ BC... ~*for Ventilators S ono! R 
. VEEN esa ---For Furnace 


vA 


Chimney. ------ --->~ Ei >Hi 


Section 
Through 
Chimney 


Cool Air 
Inteike To---4-+ 
Furnoce 


Fia. 242.—Illustrating chimney draft (the three-flue chimney provides draft for the fur- 
nace and cook-stove and also, by means of ventilators, S and R, ventilates the rooms). 
sq. ft. = 3.29 + 144 = 0.022,8 lb. per sq. in. By For. (9) the equivalent 
height of water column = Pr = 27.684P = 27.684 X 0.022,8 = 0.634 in. 

water colwmn. 

Exampie.—The chimney of a dwelling (Iig. 242) extends 35 ft. above 
the furnace in the basement. The temperature of the outside air is 
32° F. The average temperature of the gases inside the chimney is 
450° F. What is the draft pressure produced thereby, in inches of water- 
column? Sonurron.—By Table 255 the density of air at 32° = 0.080,7 lb. 
per cu. ft. By For. (162), the approximate density of the combustion 
gases in the chimney = D2 = D,T;/T2 = 0.0807 & (460 + 32) + (460 + 
450) = 0.043,6 lb. per cu. ft. The pressure of the column of chimney gases 
(on line AB, coinciding with furnace grate) = 35 X 0.043,6 = 1.53 lb. per 
sq. ft. The pressure, of an equivalent column of the external air = 35 X 
0.080,7 = 2.87 lb. per sq. ft. of base area. Hence, the draft-pressure = 
2.82 — 1.53 = 1.29 lb. per sq. ft. = 1.29 + 144 = 0.008,96 lb. per sq. in. 
By For. (9), the equivalent height of water column = Pi = 27.684P 
= 27.684 & 0.008,96 = 0.248 in. water column. 
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257. The Heat Effects In Gases Are Different From Those 
In Solids And Liquids.—As explained in Secs. 96 and 102, 
(Div. 4), the addition of heat to a solid body always produces 
an increase in its temperature (the heat does vibration work, 
Sec. 97, and does only an inappreciable amount of external 
work (Sec. 99). If the solid is at its melting temperature, then 
the addition of heat does disgregation work (Sec. 98) and an 
almost inappreciable amount of external work. Likewise, 
the addition of heat to a liquid always increases its temperature 
(does vibration work) and does only an inappreciable amount 
of external work; if the liquid is at its boiling temperature, 
then the addition of heat does disgregation work and an 
appreciable amount of external work. But, the addition of 
heat to gas at any temperature may or may not increase its 
temperature, may or may not do external work, and, as will 
be shown, never does any disgregation work. Whether or not 
vibration vr, external work is done, depends on the rates at 
which the gas is heated and at which it is permitted to do 
external work. The gas temperature may even increase with- 
out the addition of any heat from without. These phenomena 
will be explained in following sections. 

258. No Disgregation Work Is Done When A Perfect Gas 
Is Heated Or Cooled.—The truth of this statement was first 
shown by Joule with the appar- . 
atus shown in Fig. 243. Later 
experiments by Lord Kelvin (Sir 
William Thompson) revealed & 
that Joule’s results were slightly 7 
inerror. Theexperimentisnow / 
frequently referred to as the My 
“ Joule-Thompson effect.” ae eel, 


Heat h<--- « -Thermomoter 
ylnsuldtion 


ExpLanation.—Joule placed two 4 - i YZ 
equal-sized containers (A and B, Fig. YY MPV OOY97 
243) in a tank of water, W, and Fic, 243.—The apparatus which was 
provided a very sensitive thermome- 8d by Joule to prove that no disgrega- 
ter, T, for measuring the tempera- tion work is done when a gas expands, 
ature of the water. The tank, W, was 
weJl insulated to prevent heat flow into or out of W. He compressed 
air into A until the pressure was 22 atmospheres and exhausted all of the 
air from B. After the whole apparatus had reached the temperatures 
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of the room, he opened the valve, V, in the pipe which connected A and 
B and watched 7’ to observe how the temperature would vary. He 
could observe no variation. 

Now, as explained in Sec. 96, the three ways in which heat may be 
expended are as vibration work, disgregation work, and external work. 
This thought is expressed by For. (50) which is repeated here: 


(166) Q = Qr4+ Qn + Vz (B.t.u.) 


Wherein: Q = heat added to the substance. Qy = heat expended in 
doing vibration work. Qp = heat expended in doing disgregation work. 
Qz = heat expended in doing external work. All quantities being 
expressed in British thermal units. 

Now, in Joule’s experiment: (1) No heat was added to or abstracted 
from the air because the whole apparatus was insulated and was at room 
temperature. Hence Q = 0. (2) No change in temperature was noted. 
Hence, no vibration work was done, and Qy = 0. (8) No external work 
was done by the air because there was no means of conveying it to or 
from the apparatus. Hence, Qz = 0. Therefore, by substituting the 
values obtained in Joule’s experiment into For. (166), after transposing 
there results: Qn = Q — Qv — Qe = 0—0-—0=0. Hence, it was 
concluded that for air Op = 0. 

The later experiments by Lord Kelvin showed that, although the 
temperature remains nearly constant in the above-described experiment, 
there is a slight variation. The variation is very slight for the ‘“‘perma- 
nent”’ gases (Sec. 348) at ordinary temperatures and it is assumed that for 
a perfect gas (Sec. 226) there would be no variation. The variation for 
actual gases grows larger, the lower the temperature at which the experi- 
ment is performed. The reason for this is that the gases become more 
and more like vapors, Div. 11, as their liquefaction temperatures are 
approached. 


259. Heat Transferred To (Or From) A Perfect Gas May 
Produce (Is Produced By) Either Or Both Of Two Effects— 
Vibration Work And External Work.—NSince it is possible 
to increase the temperature of a gas by heating it, it is obvious 
that heat energy, when added to a gas, can do vibration work. 
Furthermore, since heating a gas often causes it to expand or 
increase in volume, it is also obvious that the added heat 
energy can cause the gas to move substances (moving M and W 
in Fig. 233 for example) which restrict its volume. That is, 
the added heat energy can cause the gas to do external work. 
In any case, the amounts of vibration work and external work 
that are produced depend on the rate at which expansion is 
permitted to proceed. 
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EXamMpLe.—sSuppose, Fig. 244, that a certain weight of gas is confined 
in a cylinder which is fitted with a handled piston, thermometer, and 
pressure gage. At 70° F., and 30 Ib. per sq. in. abs. the gas is found to 
occupy 1 cu. ft. (condition a, Fig. 244). The piston is now held in the 
position shown while heat is applied to the cylinder until the thermometer 
reads 600° F. The gage will now show a pressure of 60 lb. per sq. in. abs. 
(by Charles’ law, Sec. 237). But, since the gas did not force out the 
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Fie. 244.—Tllustrating how the heat energy which is added to a gas may do either vibra- 
tion work or external work. 


piston, it did no external work. Hence, the heat added in passing from 
condition a to condition b was all used in raising the temperature of the 
gas—in doing vibration work. 

When condition 6 is reached, the heating is continued but, instead of 
holding the piston in one position, the operator now, partially restraining 
it, permits the piston to rise at such a rate that the thermometer con- 
tinually shows 600° F. After an interval, the volume of the gas will have 
increased to 6 cu. ft. and the pressure will have decreased to 10 lb. per 
sq. in. abs. (condition c, Fig. 244). In passing from condition b to 
condition c, the gas has done external work in forcing out the piston 
against the resistance of the operator’s hand but, since the temperature 
remained constant, no vibration work was done. Hence, in JJ, the heat 
energy was all used in doing external work. 


260. A Gas Generally Does External Work When It 
Expands.—All gases exert pressure. If a gas is confined in a 
closed vessel, it exerts pressure on the walls of the vessel 
because the gas molecules, in their vibratory motion, strike 
the walls of the vessel (Sec. 50). Therefore, the walls of the 
vessel provide a resistance to the pressure of the gas. If the 
gas is permitted to expand, then the walls of the vessel or a 
part of them must have been moved. This motion of the walls 
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of the vessel constitutes an instance of motion against resis- 
tance (which is work, Sec. 20). But the pressure of the gas 
has aided in (or been the entire cause of) the motion of the walls 
of the vessel. Hence, the gas has, by reason of its pressure, 
done external work. 


EXxpLANATION.—Assume that a certain weight of gas is confined 
between the end of a cylinder A, Fig. 245, and a piston, M, which has been 
inserted through the open end of the cylinder. The gas exerts a certain 
pressure against the face of the piston. 
This pressure tends to force the piston 
out of the cylinder (in the direction 
of the arrow). If the piston is per- 
mitted to move to the position N, the 
gas must have aided in the piston’s 
motion. Therefore, the gas has done 
external work. 

Nors.—A TxHrotrtina OR FRIc- 
TIONAL EXPANSION is one during 
which no external work is done by 
the expanding fluid. This occurs 
when a gaseous substance flows 
through a smal] opening from a region of high pressure to one of lower 
pressure, gaining velocity as it flows, which velocity is then destroyed. 
The substance is said to do work on itself as it increases its velocity— 
the work being stored in the substance in the form of kinetic energy. 
But, when the kinetic energy disappears as the velocity again decreases, 
the kinetic energy is reconverted into heat energy. Instances of 
throttling expansion are: (1) Joule’s experiment, Sec. 258, (2) The 
pressure drop which accompanies the flow of a gaseous fluid through a 
pipe or restricted opening. Throttling expansions will not be further 
discussed in this division. See Sec. 387 for the throttling expansion of 
vapors. 


261. Work May Be Represented Graphically By An Area.— 
As defined in Sec. 21, work is the product of force times distance. 
Since the area of any figure or diagram is the product of a 
length times a height, it is possible to so draw a figure that its 
length shall represent a distance (or force) and that its height 
shall represent a force (or distance). Then, its area must 
represent work (see explanation below). It will also be shown 
that work may be represented by a figure whose height repre- 
sents pressure and whose length represents volume. 


Volume: (Piston Arecy) x L, 


Fig. 245.—Showing that an expanding 
gas does external work. 


EXPpLANATION.—Assume that a constant force of 12 Ib. is required 
(Fig. 246) to move an object in a given direction and that the object is 
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moved 8 ft. from a starting point by this force. A rectangle OBCD, 
Fig. 247, is drawn, 12 units in height and 8 units in length. Its area 
(12 X 8 = 96 squares) then represents 96 units of work. Since each 
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Z Units OF Distance (Length) 
Fie. 246—Object W moved 8 ft. by a Fie. 247.—A force-distance work 
constant force of 12 lb. diagram. The shaded areas rep- 


resent work. 


unit of height represents 1 lb. and each unit of length represents 1 ft., each 
unit of area represents 1 lb. X 1 ft. or 1 ft.-lb. Hence, the area OBCD 
represents 96 ft.-lb. of work. If, now, a constant force of 9 lb. is required 
(Fig. 248) to move the object from 

the 8-ft. mark to a 15-ft. mark Scale Of Distance Units 


(measured from the same starting a ae 
point as above), the force of 9 lb. 
will act through a distance of (15 Object Hoved! 
— 8) or 7 ft. Hence, for this AE eal ; 
K---70"->1 Spring Balance 
| 


second movement the work done | 

= 9X7 = 63 ft.-lb. as represented (See 

by the area DEHFG, Fig. 247. 
Assume, in a second case (Fig. / / Af / 

249), that a constant force of 48 Fra, 248. ya Ww pia Gants ae a 

lb. acts through a distance of 40 ft. constant force of 9 Ib. 

A unit of height may be taken to 

represent a force of 41b. Then the 48-lb. force will be represented by 12 

units (OB, Fig. 247). A unit of length on the diagram may be taken to 

represent 5 ft. Then, the 40-ft. distance will be represented, by 8 units 


Reads 9Lh-, 
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Fic. 249.—Object M is moved 40 ft. by a 48-lb. force. 


(OD, Fig. 247). The work done by the force will then be represented, as 

in the first case by the area OBCD or 96 area work units. But now each 

area unit represents 4 /b. X 5 ft. = 20/ft.-lb. Hence, in this case, the area 
15 
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OBCD represents 96 X 20 = 1,920 ft.-lb. which is the work done by the 
48-lb. force acting through a distance of 40 ft. 

Nore.—Tur Area Unprr A Forcr-pistaNcp GrapH ALSO REPRE- 
sents THE Work Dont Wuen Tue Force Is Nor Consrant.—lf, 
Fig. 250, in acting through the first 4 ft., a force increases uniformly from 
4 to 6lb., then the work done = (average 
force) X (distance) = [(4 + 6)/2|X 4 
= 5X 4 = 20ft.-lb. which is the area 
of the figure ABCD. Then, if in 
acting through the next 4 ft. the 
force increases to 7 lb., the average 
force will be 6.5 lb. and the work done 
bate te qecte NEA = 6.5 X 4 or 26 ft.-lb.,as represented 
So ie s~SSséy the area DOHF. Tf then the force 


Distance, Feet in acting through the next 6 ft. de- 
Fre. 250.—Force-distance ‘‘ work” dia- creases uniformly to 5 lb., the average 
gram for a varying force. force will be 6 lb. and the work done 


= 6 X 6 or 36 ft.-lb., as represented 
by the area FEGH. Thus the area ABCEGHA represents the total 
work done by the varying force in acting through the total distance of 
14 ft. That is, total work done = 20 + 26 + 36 = 82 ft.-lb. 

262. The Area Under A Pressure-volume Graph Also 
Represents Work, as is explained below. The pressure- 
volume graph can readily be Penmaes ee: 
drawn for an expanding (or pe 
compressed) gas. Hence, the : 
finding of the area under such 
a graph affords a convenient ae: 7 8GUPE-----3 
means for finding the work me = see 


Be 
done by the gas during its  &, 
expansion or on the gas during 4 
its compression. 431 1¢ 
= es 
EXpLANATION.—Assume that 9 BS 
(Fig. 251) a cylinder is fitted with aip—te 
a tight-fitting piston between Ey yx 
which and the end of the cylinder A Volumes in CuFt Me 


there is a volume, Vi, of 2 cu. ft. : : 
f ‘ ; ore Fie. 251,—Pressure-volume work dia- 
or 4 gas au a pressure Of o 1b. per gram showing work done by expansion. 

8q. ft. abs. Assume that, by heat- (Absolute pressure in cylinder is assumed 

ing, the gas is caused to expand at to remain constant.) Work done = Vol- 

constant pressure to a volume, V2, =" - ihe’ TENG age Oa Ca 

Oo = L.-l0. 

of 8 cu. ft. Plot, as shown by the 

lower diagram in Fig. 251, pressures along the vertical scale AB and 

volumes along the horizontal scale AC. The line ab will represent the 
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expansion of the gas. Since each unit of volume represents 1 cu. ft., 
each division such as ac which represents 1 cu. ft., must also represent a 
certain distance through which the piston was moved. If the area of 
the piston in square feet is denoted by the symbol Ap, then ac will 
denote a distance of: 1 cu. ft. + Ap sq. fl. =1/Apft. Also, since a 
pressure of 1 lb. per sq. ft. is represented by each vertical division on 
the graph, each division such as ea must also represent a certain force 
onthe piston. This force is pressure X area = 1X Aplb. Hence, each 
square of the area, W, such as acde, must (see explanation under Sec. 261) 
represent (1/Ap) X (1 X Ap) = 1 ft. lb. Therefore, the work done by 
the expanding gas is represented by the area xaby or 5 X 6 = 30 ft.-lb. 


8 
ee reery soo -Initio! Pressure 
- ¢ } “Average Pressure| 
= t P sity 444 
o> 6h — 
We SaEecusny aarascas Po. : 
= 54 + HO a4 iat b, 
re = a Pressures 
2 4 t . +: 
= 3H azz ib 
5f t tt ¥ 
Seayey re 
s 
Oat is 
“ f 
é. ae 
Isaacs ee aT ee) 


Volumes in Cubic Feet 


Fie. 252.—Pressure-volume work diagram with falling pressure. (Work Done = 
Volume X Pressure = (8 — 2) X5=6X 5 = 30 ft.-lb. 


Notr.—Tue Area UnpER A PRESSURE-VOLUME GrapH ALSO REPRE- 
SENTS Work WHEN THE Pressurb Is Nor Constant.—Thus, if the 
pressure behind the piston of Fig. 251 had varied as shown by the line 


i 
Shapes 
At 


= 


Fig. 253—Work diagram with rising and 
falling pressures. Since the areas under 
each of the lines ac, cd, de, etc. are each 1 
unit wide, the work done along each line (ac, 
cd, ete.) in foot-pounds is numerically equal 
to the average height shown. (The total 
work done may be computed thus: The 
average height of strip ac32 = (84+ 4) +2 = 
8.5; of cd43 = 4; of ded4 = (4+ 5) +25 
4.5; of ef65 = 5; of fg76 = (5+3) +2= 
4; and of gb87 = 3. Hence, for this diagram, 4 { a 
the average pressure = (3.5 +44 4.5 +5 + Ze SPA SG SSeS ee 
4+3) +6 = 4b. persg. ft. The horizontal Volumes in Cu. Ft. 
length of the diagram indicates: displacement volume = 8— 2 = 6 cu. ft. Hence, as 
indicated by the hatched area of the diagram, work done = pressure X volume = 4 X 
6 = 24 ft.-lb.) 


|-Average Heights: 


aD 


a 


b 


Pressures in Lb.per Sq. FR 
a 


ab in Fig. 252, then the average pressure would have been 5 Ib. per sq. 
ft. as indicated by the dashed line a,b; and the work done would be repre- 
sented by the shaded area of 30 ft.lb. The finding of the work done for 
different variations of the pressure is shown in iigs. 253 and 254. Where 
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greater accuracy is required than can be obtained by using vertical 
strips 1 cu. t. wide, the diagram may be divided into strips each having 
a width of only a fraction of 1 cu. ft. as in Fig. 255. For the greatest 
accuracy, a planimeter or area-measur- 
ing instrument is employed (see the 
author’s ‘‘Steam Engine Principles 
and Practice’’ and also Sec. 503). 


Fie. 254.—Work diagram with con- 
tinuously varying pressure. The number of 
foot-pounds represented by each vertical strip 
is found exactly as in Fig. 253. As repre- 
sented by the hatched area: Total work done 
= Pressure X Volume = [4.6+ 5.3 + 5.3 


NAY NAS GUN 
eed Fd 3G Fee ay Ee 4d a 8) = 6) 1S 2) mid 8 
Volumes in Cu, Ft. 6 = 28.1 ft.-lb. 


Pressures in Lb. per Sq, Ft. 


Notr.—In THERMODYNAMIC CompuTATIONS, VoLUMES ARE ALWAYs, 
UNLEss OTHERWISE SPECIFIED, TAKEN IN Cusic FEET AND PRESSURES 
In Pounps Per Square Foot. This is to insure that the work values 
which result from the computations will be in foot-pounds. Why this 
is true may be understood from a consideration of the following 
derivation. 


Fie. 255.—Another pressure-volume work 
diagram. The work diagram is divided into 


35 

strips each }4 cu. ft. wide, the average height = 

of each strip being indicated. The work e 

represented by each strip is therefore equal to s 

(4g the average height of the strip) ft.-lb. = 

The total work done, which is represented by £ 

the hatchted area, may be computed thus: 8 

Average pressure = (460 + 520 + 535 + 510 = 

+ 450 + 375 + 320 + 280) + 8 = 431.25 Ib. ° 

per sq. ft. Displacement volume = 4 cu. ft. = 1 ; 3 
Hence, total work done = Pressure X Volwme Volumes in Cu Ft 


= 431.25 X 4 = 1,725 ft-lb. 

263. To Compute The Work Done By The Expansion, Or 
In The Compression, Of A Gas Or Vapor When The Average 
Pressure And The Initial And Final Volumes Are Known, use 
the following formulas: 

By expansion: 


(167) W = P(V2-V3) (foot-pounds) 
By compression: 
(168, W = P(Vi-—V2) (foot-pounds) 


Wherein: W = work done by the gas or vapor in expanding or 
done on the gas or vapor in compressing it, in foot-pounds. 
P = average absolute pressure exerted by (or on) the gas 
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during its expansion (or contraction), in pounds per square 
foot; this is the average of all of the pressures—not merely the 
mean of the initial and the final pressures. V» = final volume 
of the gas, in cubic feet. V, = initial volume of the gas, in 
cubic feet. 


EeXAMPLES.—See Figs. 215, 252, 253, 254 and 255 for examples which 
illustrate the application of the above formula. Certain of these illus- 
trations also show how the average absolute pressure, P, is computed. 

Derivation.—When the piston (Fig. 245) stands at M, the volume of 
space between the piston and the cylinder head may be expressed by :— 
(169) Van— Aly (cubic feet) 
Wherein: Vi = the volume, due to position M, in cubic feet. A = 
the area of the piston, in square feet. Li = the distance, due to position 
M, between the piston and the cylinder head, in feet. When the piston 
is moved to N, then the volume of space between the piston and the 
cylinder-head may, similarly, be expressed by: 

(170) V2 = Aly (cubic feet) 
Wherein: V2 =the volume, due to position N, in cubic feet. Lz = 
the distance due to position N, between the piston and the cylinder head, 
in feet. Now, the average force exerted in moving the piston from M 
to N may be expressed by :— 

(171) F = AP (pounds) 
Wherein: F = the average force, in pounds, exerted against the piston. 
P = the average pressure against the piston, in pounds per square foot. 
A = piston area, in square feet, as before. Now, the work which is 
done, due to the movement of the piston against an external force, may 
be expressed by: 

(172) W = F(L, — 1h) (foot-pounds) 


Wherein: W = the work done, in foot-pounds. (Lz, — L,) = the distance 
through which the piston moves, in feet. / = the average pushing force, 
in pounds, as above. Now substituting for F in For. (172), its equivalent 
AP from For. (171) there results: 


(173) W = AP(L2 — li) = P(AL, — AL;) (foot-pounds) 


Now substituting in For. 173 for AL, and Aly, their equivalents Vz 
and V; from Fors. (170) and (169), there results: 


(174) W = P(V2 — Vi) (foot-pounds) 


which is For. (167). By asimilar process of reasoning For. (168) for com- 
pression may be derived. 

Nore.—Tue ImMacinary GRapu OF Fig. 252 and certain others which 
immediately precede and follow, are included only to illustrate the gen- 
eral principle under discussion. The values obtained by the actual 
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expansion of gases and in heat engine practice are always, as will be 
shown, such that that they will not plot into simple straight-line graphs. 


264. The “Effective Work” Done By An Expanding Gas 
is equal to the total work minus the back-pressure work. 
The discussion of the preceding sections concerned only the 


total work as do most of the following sections. 
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Fie, 256.—Pressure-volume diagram for 


gas expanding in atmosphere at 5 
sq. in. gage constant pressure. 


lb. per 


However, 
as is explained below, when a 
gas expands behind a piston 
the other side of which is 
subject to atmospheric or 
other pressure, then only a 
portion of the work done by 
the gas on the piston, is 
effective in doing useful work 


EXPLANATION.—Suppose that 
the piston of Fig. 251 is subjected 
at its right or open end to atmos- 
pheric pressure and that the pres- 
sure of the expanding gas within 
the cylinder remains 5 Ib. per sq. 
in. gage during the expansion. 
Then the work diagram for the 
expansion will be as represented in 
Fig. 256. <A total pressure RP 
due to the expanding gas is tend- 
ing to force the piston to the right, 
but a pressure RQ is tending to 
force the piston to the left. The 
total shaded area (17,280 ft. lb.) 
then represents the total work done 
by the expanding gas but the lower 
portion of the area represents work 
done (12,960 ft.-lb.) in overcoming 
the resistance of the atmosphere 
and only the upper portion of the 


area (4,320 ft.-lb.) represents the work available or “effective” for over- 
Hence, the lower area is called the 
back-pressure work, whereas the upper area is called the effective work. 


coming additional resistances, 


Their sum is called the total work. 


Note that, when the pressure is plotted in pounds per square inch, 
the work is found by multiplying the product of the pressure and the 


volume change by “144” 
it. 
sq. in. or 144 lb. per sq. ft. 


which is the number of square inches in 1 sq. 
Each unit of height on the graph represents a pressure of 1 Ib. per 
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265. The Specific Heat Of A Gas May Have Any Value 
whatsoever depending on how much work the gas is permitted 
to do as it isheated. See Sec. 88 for the definition of ‘specific 
heat.’”? As was explained in Sec. 259, the heat which is added 
to a gas can be expended in either or both of two ways—in 
raising its temperature and in doing external work. Hence, 
the quantity of heat that must be added to each 1 lb. of a gas 
as its temperature is increased 1° F. (its specific heat) consists 
of two parts—(1) The vibration heat. (2) The external-work 
heat. The vibration heat is always the same for 1 lb. of a 
given gas heated through 1° F. but, as will be shown, the 
external-work heat will depend on the quantity of work that 
the gas is permitted to do while its temperature is being raised. 
Since the gas may expand in any number of ways or may be 
compressed while it is heated, it follows that, as above stated, 
the specific heat may have any value whatever. Certain 
y principal values of the specific heats of 
“\erper gases will be discussed in following 
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Fie, 258.—‘‘Work diagram’ for a constant- 
volume, pressure and temperature change —(10 cu. 


Fic. 257.—Heating ft. of gas at 5 lb. per sq. ft. absolute and 200° F. 
a gas which cannot absolute = 10 cu.ft. of gas at 20lb. per sq. ft. 
expand and hence can absolute and 800° F. absolute, but no external work 
do no external work. is done). 


266. The Specific Heat Of A Gas When Its Volume Is 
Maintained Constant, Fig. 257, is a very useful value. It will 
be represented by Cy and referred to as specific heat at constant 
volume. By Charles’ law (Sec. 237) the pressure of a given 
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weight of gas, when heated in a constant volume, varies directly 
as its absolute temperature. Hence, the pressure-volume graph 
for a constant-volume heating is a vertical straight line FEZ, 
Fig. 258, under which there is no area. This is as may be 
expected for, when a gas does not expand its volume does not 
change and hence it does no work. Therefore all of the heat 
added to a gas at constant volume is vibration heat and is 
effective only in raising its temperature. The specific heats 
of various gases at constant volume are given in Table 251. 
267. The Specific Heat Of A Gas When Its Pressure Is 
Maintained Constant, Fig, 259, is another very useful value. 
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Fie. 259.—Heating a gas at constant pressure—gas expands as it is heated and does 
work in moving the piston upward. 


It will be represented by Cp and will be referred to as specific 
heat at constant pressure. More heat is required to heat a gas 
through 1° F. at constant pressure than at constant volume 
because at constant pressure the gas expands, Fig. 259, and 
does external work. Enough heat must be added to increase 
the temperature and, besides this, the heat equivalent of the 
external work must also be added. It isinteresting to note that 
for a given gas, Cp is independent of the pressure under which 
the gas is heated (see example below). 
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ExampLEe.—lf 1 lb. of air at 32° F. is confined in a volume of 1 cu. ft., 
it will, by For. (146), be under a pressure of 26,250 lb. per sq. ft. abs. 
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Fic. 260.—Showjng how the specific heat of a gas at constant pressure is a constant 
(In each case the weight value indicated is the total weight on the 
gas including weight of piston and atmospheric pressure.) 


for all pressures. 
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Fic. 261—When a gas Fia. 262.—When a gas 


expands and is heated sim- 


ultaneously at such rates its temperature remains 


that its temperature remains 


constant, its specific heat is 
infinite. See also Fig. 262. 


= Cy (T2 — 71) + (532/778) = 0.171 X 100 + 0.684 = 17.784 B.t.u. 
If, however, the 1 lb. of air at 32° F. occupied a volume of 3 cu. ft., 


R (Fig. 260-2). As the air is heated at con- 
ie stant pressure to 132° F. 


its volume will 


Corsioge:  imerease’ toi 1-203 cu. it. (Bie. 260-77): 
perce ‘ Hence, the external work done by the gas = 
(pressure) X (volume change) = 26,250 X 
0.203 = 532 ft.-lb. Therefore, the heat added 


Temperature 
Frermains 
Constant 


Heat Beipy 


WyAbstractea 


is simultaneously 


cooled and compressed at such rates that 


constant during 


the process, its specific heat is infinite. 
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its pressure would be 8,750 lb. per sq. ft. (Fig. 260-J/7). On being 
heated to 132° F. it would expand to 3.609 cu. ft. (Fig. 260-JV) 
and the external work done = 8,750 X 0.609 = 532 ft.-lb. as before. 
Hence 17.784 B.t.u. must have again been added in passing from JII 
to IV. 

Norr.—OtTurr Vatues For Tue Speciric Heat Or A Gas May 
Be Founp Wuen Tue Pressure AND VotumME OFr THE Gas BoTH 
Vary during achange. Thus, if the gas is permitted to do external work 
at the same rate as that at which heat is added to it, Fig. 261, then the 
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Fia. 263.—Specific heat is zero when Fia, 264.—When a gas is heated 
a gas is compressed without loss or gain and expanded simultaneously at 
of heat (adiabatic compression). such rates that the temperature is 
decreased, the specific heat is 

negative. 


temperature remains constant in spite of the addition of heat (see example 
under Sec, 259). In such a case the specific heat is infinite for, no matter 
how much heat is added, the temperature does not rise. (See also Fig. 
262.) Furthermore, if a gas is compressed while no heat is added or 
abstracted from it, Fig. 263, then its temperature willrise. Thus, no heat 
is required to effect the temperature rise and the specific heat is zero. 
Furthermore, a gas may be heated and expanded at such rates (Fig. 264) 
that its temperature actually decreases. In such a case more work is 
done than the equivalent of the heat energy added to the gas; the specific 
heat is negative because the temperature decreases in spite of a heat 
addition, So it is evident that the specific heat of a gas may have any 
value whatsoever. 


268. The Energy Relations During Condition Changes Of 
Perfect Gases will now be considered. These energy rela- 
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tions are important principally in the study of gas cycles (Div. 
12) for, as will be shown, all gas cycles are made up of anumber 
of condition changes. The condition changes which gases 
undergo in actual gas cycles are principally those during which 
the specific heat of the gas has a constant value. Although 
condition changes are frequently spoken of as expansions and 
compressions, there is one form of condition change which is 
neither an expansion nor a compression—that is, the constant- 
volume change. Hence, the terms expansion and contraction 
should only be used for such condition changes during which 
the volume of the gas is actually changed. 


Notrs.—Conpition CHances May Occur In Any Manner—in an 
infinite number of ways. ‘The condition changes of which gas cycles are 
considered as being ideally composed (Div. 12) are, however, such as 
occur when some property of the gas, such as its volume, pressure, tem- 
perature, or specific heat remains constant, or when no heat is trans- 
ferred to or from the gas. As will be shown, in all of these cases the 
specific heat mgy be considered as having some constant value during 
the change—different for each change. Hence, broadly, the changes 
here discussed are all constant-specific-heat changes. Furthermore, 
during the changes here treated all of the volume of the gas is to be con- 
sidered as being at the same pressure and temperature, as would occur 
when the gas is confined in a cylinder whose volume is varied by a moy- 
able piston. Changes which a gas undergoes when a portion of it exists 
at a higher pressure or temperature than some other portion, do not follow 
the laws here given. Such changes would occur when a gas is partly 
confined in one vessel at a high pressure and the remainder is in another 
vessel at a lower pressure, the two vessels being connected by a small 
opening through which the gas is flowing. In such acase there is always 
more or less throttling (note under Sec. 260) or internal friction in the gas 
—the following discussion does not apply to such frictional processes. 
Changes which occur in heat-engine cylinders are always practically 
“frictionless;”’ that is, they occur with practically no internal friction. 

Notre.—TuHe Aucresraic Sicns Or Enpray Quantities For GasEs 
Witt Be DererMINED Tuus: (1) Heat (Q) is considered positive when 
it is added to a gas; negative when it is abstracted from the gas. (2) 
External work (Wz) is considered positive when the gas expands; negative 
when the gas is compressed—when external work is done on the gas. 
(3) Vibration work (Wy) is considered positive when the temperature of 
the gas is raised; negative when the temperature of the gas is lowered. 


269. The Energy Relations During A Condition Change At 
Constant Volume—An Isometric Change—are quite simple. 
By the definition of specific heat at constant volume (Sec. 266) 
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the heat exchange to or from the gas is the product of the 
weight, temperature change, and specific heat at constant 
volume of the gas—see For. (175) below. Now, since during 
a constant-volume change no external work is done (Fig. 258), 
all of the heat added to or abstracted from the gas is effective 
in changing the temperature of the gas—that is, in doing 
vibration work. The formulas for these relations are: 


(175) Q. = WCY(T.—T)) (B.t.u.) 
(176) Wz=0 (external work) 


By multiplying For. (175) by “778,” which is the number of 
foot-pounds in 1 B.t.u., there results: 


Clay) W, = ((8WC, Ts — 77) (foot-pounds) 


Wherein: Q = the heat added to the gas, in British thermal 
units. W =the weight of the gas, in pounds. Cy = the 
specific heat of the gas at constant volume; see Table 251. 
T, and JT = respectively, the final and initial temperatures 
of the gas in degrees Fahrenheit. Wz = the external work 
done by the gas. Wy = the vibration work done by the gas, 
in foot-pounds. See notes under Sec. 268 concerning the 
algebraic signs of the energy quantities and also as to the 
manner in which the changes are assumed to occur. 


Note.—Practican Exampites Or JsommTric CHANGES may be 
stated thus: (1) The heating or cooling of a given weight of gas which is 
enclosed in a strong tank or receiver. (2) The heating (explosion) of a gaseous 
miature in an internal-combustion-engine (Otto-cyele, Div. 12) cylinder; 
this process actually differs slightly from a strict isometric change because 
it is accompanied by a change in chemical composition of the gas—but it 
is often considered as an isometric condition change, see example below. 
The volume of the gases in the cylinder remains practically constant 
during the very short time interval occupied by the explosion. 

ExampLe.—Suppose that an internal-combustion-engine cylinder con- 
tains 14 lb. of gas at 120° I’, and that this gas is ignited by an electric 
spark. What will be the final temperature if 65.8 B.t.u. are liberated by 
the explosion and if Cy for the mixture remains approximately 0.175 
throughout the process? SoLturion.—By transposing For. (175), there 
results: Z2 = (Q/WCy) +71 = [65.8 + (0.2 X 0.175)] +120 = 
2,000° F. 

Exameie.—lIf 1 lb. of a perfect gas is heated at constant volume 
through 1° F’., Fig. 265, and if the specific heat of the gas at constant 
volume is 0.30, what quantity of heat is added, and what amounts of 
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external work and work in raising the temperature (vibration work) are 
done? Soxiution.—By For. (175), the heat added = Q = WCy(T2 — 
T;:) = 1X 0.380 X 1 = 0.30 B.t.u. By For. (176), the external work = 
Wr = 0. By For. (177), the 
vibration work = Wy = 778WCy(T2 
— T,) =778 X 0.30 = 283.4 ft.-lb. 
ExampLe.—How much heat is 
added to 8 lb. of oxygen contained 
in a strong tank in raising its tem- 
perature from 70° F. to 500° F. (the 
volume of gas kept constant during 
the heating)? How much external 
work is done and how much work 
in raising the temperature (vibra- 
tion work)? Sotutrron.—From 
Table 251, Cy for oxygen is 0.155. 
Hence, by For. (175), the heat 
added = Q = WCy(T2 — T1) = 8 
X 0.155(500 — 70) = 533.2 B.t.u. 
By For. (176), the external work 
— Wae— Os Sy Hor: (177); the oy Z 
vibration work = Wy = 778WCy- Tic. 265.—Specific heat at constant 
(T> ~ T) = 378 50 533.9 = volume is 0.80. What are the energy 


i i 
414,829.6 ft.-lb. relations 


270. The Energy Relations During A Condition Change At 
Constant Pressure—An Isobaric Change—are given by the 
following formulas which are derived as shown below: 


Increase of cell 
Pressure-------* 


Constant 
Volumes~ 


ire. 
Active 


(178) Q = WC?(T2 —= T:) (B.t.u.) 
(179) Wz = P(V2 — Vi) (ft.-lb.) 
or 

(180) Wz = 778W(Cp — Cy)(T2—T1) (ft.-lb.) 
(181) Wa = Who(T. — T1) (ft -Ib.) 
(182) Wy = 778WCy(T, — Tr) (ft.-Ib.) 


Wherein: Q = the heat added to the gas, in British thermal 
units. W = the weight of the gas, in pounds. TJ, and Ti 
= respectively, the final and initial temperatures of the gas, 
in degrees Fahrenheit. Wz = the external work done by the 
gas, in foot-pounds. P = the pressure exerted by the gas 
during the change, in pounds per square foot absolute. Ve 
and V, = respectively, the final and initial volumes of 
the gas, in cubic feet. C, and Cy = respectively, the specific 
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heats of the gas at constant pressure and at constant volume; 
for values see Table 251. kg = the gas constant (Sec. 247). 
Wy = the vibration work done on the gas, in foot-pounds. 
See the notes under Sec. 268 regarding the algebraic signs of 
the energy quantities and also as to the manner in which 
the changes are assumed to occur. 


DerivaTIon.—By the definition of the specific heat at constant 
pressure (Sec. 267), the quantity of heat added to the gas is as shown by 
For. (178). Also, by Sec. 263, the work done during a constant-pressure 
expansion is equal to the pressure times the volume change—as shown 
by For. (179). Now, the vibration work done on a gas depends only on 
its weight and temperature change. Hence, for a given weight of any 
gas, when heated through a given temperature range, the vibration work 
will be the same regardless of how the pressure and volume vary. There- 
fore, the vibration work for all condition changes, is as given by For. (177) 
which is the same as For. (182). Since, for a perfect gas, the heat added 
is effective in doing only vibration and external work (Sec. 259), 


(183) 778Q = Wv + We (ft.-lb.) 
or, transposing: 

(184) Wr = 778Q — Wy (ft.-lb.) 
Now, substituting in For. (184) from Fors. (178) and (182), there results 
(185) We = 778WCp(T2 — T1) — T7I83WCy(T2 — 11) (ft.-lb.) 


which simplifies to the form of For. (180). 


By the general gas law, For. (145), PVi = WkeT: and PV, = WhgTo. 
Also, For. (179), when expanded becomes: 


(186) Wr =PV2—PYVi (ft.-lb.) 
Now, substituting in For. (186), the values from For. (145), there results, 
(187) We = WkeT2 — WkeTi (ft.-lb.) 
or, simplifying: 

(188) We = Wke(T2 — Ti) (ft.-lb.) 
But, it is a fact that: 

(189) AN A, Sy A (deg. fahr.) 
Hence, 

(190) We = Wke(T2 — 11) (ft.-lb.) 


which is the same as For. (181). 

Norr.—PracricaL AppLicaTions Or Isoparic CHANGES are: (1) The 
heating or cooling of a gas which is under constant pressure such as atmos- 
pheric pressure and which is not wholly confined—as, for example, the gas 
in a balloon, the combustion gases in a boiler furnace, or the air which 
cools an automobile radiator. (2) The expansion in an oil engine while 
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the charge of oil is burned in the cylinder as the piston moves in the cylinder— 
this expansion is only sometimes isobaric, it may be quite different; 
this is not strictly a condition change because it is accompanied by a 
chemical change in the gases. 

Exampie.—How much heat is added to each 100 1b. of air which passes 
through a boiler furnace as its temperature is increased from 70° F. to 
500° F.? Sotution.—By Table 251, for air, Cp = 0.241. Hence, by 
For. (178), the heat added = Q = WCp(T2 — T;) = 100 X 0.241 X 
(500 — 70) = 10,350 B.t.w. 

Exampie.—How much heat must be added to 5 lb. of nitrogen to 
increase its volume from 45 cu. ft. to 100 cu. ft. at the constant pressure 
of 25 lb. per sq. in. abs.? How much external work is done by the 
expanding gas and how much (vibration) work is done in raising the 
temperature? Sotution.—For nitrogen, the value of kg is, by Table 
251, 54.99. Also, Cp = 0.247 and Cy = 0.176. The initial temperature 
of the gas is, by For. (148), Ti = PVi/Wke = (25 X 144) X 45 + 
(5 X 54.99) = 498° F. abs. or 38° F. The final temperature = T, = 
(25 X 144) X 100 + (5 X 54.99) = 1,309° F. abs. or 849° F. Hence, 
by For. (178), the heat added = WCp(T2 — T;) = 5 X 0.247(849 — 
38) = 1001.6 B.t.u. By For. (179), the external work = We = P(V2 — 
Vi) = (25 X 144)(100 — 45) = 198,000 ft.-lb. By For. (182), Wy = 
778WCy(T2 — T1) = 778 X 5 X 0.176(849 — 38) = 555,243 ft.-lb. 

ExaMpLe.—lIf 3 lb. of oxygen is ex- 
panded at constant pressure by increas- 
ing the temperature from 85° F. to 100° 
F. (Figs. 266 and 267), find how much 
heat is added, how much external work 
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Fic. 266—Oxygen gas (3 lb. at Fia. 267.—Conditions after the 
85° F.) ready to be expanded under expansion of 3 lb. of oxygen gas 
constant pressure. under constant pressure by heating 


from 85° F, to 100° F. 


is done, and how much (vibration) work is done in raising the tempera- 
ture. Soxtution.— From Table 251, the following values are found for 
oxygen: Cp = 0.217. Cy = 0.155. kg =48.25. Hence, by For. (178), 
the heat added = Q = WC2(T2 — T1) = 3 X 0.217 X (100 — 85) = 
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9.765 B.t.u. Also, by For. (181), the external work = We = Wke(T2 
— 7) = 8 X 48.25 « (100 — 85) = 2)171.25 ft-lb. And, by For. 
(182), the vibration work = Wy = 778WCy(T2 — T1) = 778 X3X 
0.155 X (100 — 85) = 5,426.55 ft.-lb. 
Exampie.—Assume that 10 cu. ft. of a certain gas at 32° F. exerts a 
pressure of 10 lb. per sq. ft. abs. (ig. 268). Compare the external work 
done in expanding the gas at constant 
Constant-Pressure _Constomt-Pressure = pressure to 15 cu.ft. with that done 


% Contraction Line, _}' Expansion Line : 
& mannii A by compressing the gas at constant 
a5 Ti anne pressure to 5cu. ft. Sorurion.—In 
& HH expanding the gas, by For. (179), the 
0 external work = Wz = P(V2 — V3) 
& = 10(15 — 10) = 50 ft.-lb. In com- 
5 or ki “Works 5 
g bone Thee pressing the gas, the external work = 
- ontrac tienfE xpans| sceaae Wz = P(V2 — Vi) = 106 — 10)= 
3 50 ft.-lb. The negative sign indi- 
Bo 1 S 4 cates that work is done on the gas. 
ce OS inhewi ee pape ANGIE numerically the same amount 
Absolute Temperatures of work is done in the two cases—as 


Fic. 268.—Work diagram showing is Shown by the equal areas A and B 
constant-pressure expansion and con- jp Fig. 268. 
traction (10 cu. ft. of gas at 10 lb. per 


sq. ft. absolute, and 492° F. absolute = 271. The Ener ‘ 
15 cu. ft. of gas at 10 lb. per sq. ft. t . at by Relations 
absolute, and 738° F. absolute = 5 cu. During A Condition Change At 
ft. of gas at 10 lb. per sq. ft. absolute, Constan = 
and 246° F. absolute). onstant ee or Cia tal ean 

Isothermal Change—may be 
found by the following formulas which are derived as shown 
below. The pressure-volume relations for an isothermal 
change are governed by Boyle’s law, For. (108). 


yr 


(191) Wr=PiV: log, a (ft.-lb.) 
1 
(192) We eae log. (ft.-lb.) 
(193) Weerwhel lo vt (ft.-Ib.) 
1 
Ws 
(194) Q=n8 (a 
(195) Wy =0 (work) 


Wherein: Q = the heat added to the gas, in British thermal 
units. P,and P: = respectively, the initial and final pressures 
of the gas, in pounds per square foot absolute. Vand Vy = 
respectively, the initial and final volumes of the gas, in cubic 
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feet. W = the weight of the gas, in pounds. kg = the gas 
constant (Sec. 247). T = the temperature of the gas, in 
degrees Fahrenheit absolute. Wz, = the external work done 
by the gas, in foot-pounds. Wy, = the vibration work done on 
the gas. Log, = the natural Ispthermal Curve Adiabatic, Curve 

4 for Ss for Air-. 
logarithm of the number 


= 
following the symbol. The = 
natural logarithm of anumber 2 20 
is approximately 2.303 times & 4" 
. > Z 
the common logarithm of the & ¥ oD 
= Z 
same number. See the notes ~,” gan 
$ a 
under Sec. 268 regarding the : ” 409 
algebraic signs of the energy & Pid 
uantities and also as to the 248 bad We 
q 5455 aa ee 
. - Y Y G CNV AZ LG 17, 
manner in which the changes & Wage ye 
BO NST AOSY AA. 
are assumed to occur. 5 8 


Volumes “f Any Volume a 

DERIVATION«—Since, during an 
isothermal change, the temperature 
remains constant, none of the heat 
added is effective in doing vibration work. ‘This may also be shown by 
placing 7, = 7; in For. (177) which, as has been stated, applies to any 
condition change. This relation is stated by For. (195). Now, For. 
(166) states that, for any heat transfer: 


(196) Q = Qv + Qn + Qz (B.t.u.) 
Hence, since for a perfect gas Qn = 0 (as proved under Sec. 258) and 
since for an isothermal change Qy = 0, For. (196) becomes: 


Fic. 269.—Isothermal or constant-tempera- 
ture expansion graph. 


(197) Q = Qz (B.t.u.) 
and, since Qz = W2#/778: 
(198) aye Mee (B.teu.) 


which is the same as For. (194). 
Now, the pressure-volume graph of an isothermal change is a curved 
line (Fig. 269). For a change from P;, V; to Ps, Vo, the area under the 
graph (the shaded area in Fig. 269) is found by the calculus to be 
expressed by the formula: 
(199) redeee Ey (ioe r 
If, now, the pressures are expressed in pounds per square foot and the 
volumes in cubic feet, the area will represent the work done, in foot- 
pounds, as expressed by For. (191). 

For. (192) results from For. (191) by substituting for V2/V; its equiva- 
lent from For. (108). For. (193) results from For. (191) by substituting 

16 


(area units) 
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for P,V, its equivalent from For. (145). These substitutions may 
suggest to the reader still different ways of expressing For. (191). 

Nore.—Tuere Are No Pracricat AppLicaTions Or IsoTHERMAL 
Gas CuancEs.—The nearest approach to such a change would probably 
occur in an air compressor. In this machine water, which is circulated 
through a jacket surrounding the cylinder, carries away a large part of 
the heat which is developed by the work done on the air in compressing it. 
Isothermal changes are of value, however, because they constitute the 
ideal compression for air and other gas compressors and hence afford a 
goal in compressor design. 

Examp.Le.—lIf a certain gas exerts a pressure of 100 lb. per sq. ft. abs. 
when confined in a volume of 5 cu. ft. and is expanded isothermally to a 
volume of 22 cu. ft., how much external work is done and how much heat 
must have been added during the process? Sotution.—By For. (191), 
the external work = We = PV, loge(V2/Vi1) = 100 X 5 X log.(22 + 
5) = 500 X log. 4.4. From tables of logarithms, the common logarithm 
of 4.4 =log 4.4 = 0.643. Hence, log. 4.4 = 2.303 X 0.643 = 1.479. 
Hence, Wz = 500 X 1.479 = 739.5 ft-lb. By For. (194), the heat 
added = Q = W2/778 = 739.5 + 778 = 0.95 B.t.u. 

ExamMpLe.—How much external work is done when 6 lb. of hydrogen is 
compressed at the constant temperature of 70° F. from a volume of 
144 cu. ft. to a final volume of 12 cu. ft.? How much heat must be 
abstracted? Sotution.—By Table 251, for hydrogen, kg = 765.9. By 
For. (193), the eaternal work = Wr = Wkeg loge(V2/V1) = 6 X 765.9 X 
log.(12 + 144) = 4,595.4 X log.({2). From a table of logarithms the 
common logarithm of {2 = log (42) = — 1.079. Hence log. (42) = 
2.303 X (—1.079) = —2.482. Hence, Wz = 4,595.4 X (—2.482) = 
—11,406 ft.-lb. Hence, 11,406 ft.-lb. of work must be done on the gas. 
By For. (194), the heat added = Q = We/778 = —11,406 + 778 = 
—14.66 B.t.u. Hence, 14.66 B.t.u. must be abstracted. 


272. The Energy Relations During A Condition Change 
Which Involves No Heat Transfer—A Frictionless Adiabatic 
Change (which is the same as an isentropic change, Sec. 385), 
(Figs. 270 and 271)—may be found by the following formula: 
which are derived below. ‘The pressure-volume relations for 
and adiabatic change (Sec. 275) are based on these energy 
relations. 


(200) Q=0 (heat) 
(201) Woes ha Toots Ve (ft.-Ib.) 
(202) Wa = TISWC la 2) (ft.-Ib.) 
(203) Wy = —Wz (ft.-Ib.) 


(204) Wy = 778WCy(T2 — Ti) (ft.-lb.) 
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Wherein: Q = the heat added during the change. Wy = the 
external work done by the gas, in foot-pounds. P; and P, = 
respectively, the initial and final pressures exerted by the gus, 
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in pounds per square foot absolute. V,and V»2 = respectively, 
the initial and final volumes of the gas, in cubic feet. k = the 
ratio (Cp/Cy) of the specific heats of the gas at constant pressure 
and constant volume; values of k are given in Table 251. Cy 
= the specific heat of the gas at constant volume; Table 251. 
T, and 7; = respectively, the initial and final temperatures 
of the gas, in degrees Fahrenheit. Wy = the vibration work 
done on the gas, in foot-pounds. See notes under Sec. 268 
concerning the algebraic signs of the energy quantities, and 
concerning frictional processes. 


DeErivaATion.—By the definition of an adiabatic process, there is no 
heat transfer between the gas and any external body. This statement 
is stated algebraically by For. (200). Also, For. (204) has been shown 
(Sec. 270) to hold for any condition change. Now, substituting in For. 
(196), the values Q = 0, and Qp = O, there results: 


(205) Qz = —Qy (B.t.u.) 
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Hence, it follows that: 
(206) Wr = —Wy (ft.-Ib.) 
which is the same as For. (203). Substituting in For. (206) the value of 


Wy from For. (204), there results For. (202). 
By For. (145) transposed, 


(207) Wr; = is oo 
G 
and 
(208) WT, = "2" 
G 
Now, For. (202) may be written thus: 
(209) We = 778Cy(WT, — WT:2) (ft.-Ib.) 
Which becomes, by substituting from Fors. (207) and (208): 
(210) Wine oe SPV) (ft.-Ib.) 
G 
Now, by comparing Fors. (180) and (181), it is evident that 
(21) ke = 778(Cp — Cr) 
Hence, 
; UES aa 
Goel ke Cp — Cy 
Or, by multiplying For. (212) by Cy 
778Cy Cy 
cae Sick nko) 
or, 
iS Cy ee eee 
Gi! "eget Cae a 
Cy 
If the fraction a is denoted by k, then For. (214) becomes: 
; (iS Cyan: 
(215) Toate Go ESE 
Substituting this in For. (210), there results: 
(216) Wr = k a jPiVa — P2V>) (ft.-Ib.) 


which is the same as For. (201). 


Norr.—Occurrencys Or Aprapatic CHances In Practice are, 
strictly speaking, never found. Quite close approaches to adiabatic 
processes are, however, found in: (1) Internal-combustion engines. (2) Air 
and other gas compressors; the compressions in these*machines are gen- 
erally more nearly adiabatic than they are isothermal, Sec. 271. (8) 
Compressed-air engines. Adiabatic expansions are the ideal expansions 
(see Div. 12) for heat engines. 


Src. 273] HEAT PHENOMENA OF GASES 245 


ExaMpLe.—How much work is done by carbon-monoxide gas in 
expanding adiabatically from a pressure of 100 lb. per sq. in. abs. and a 
volume of 5 cu. ft. to a pressure of 20 lb. per sq. in. abs. and a volume of 
15.6 cu. ft.? Sonutron.—By Table 251, the value of kg for carbon 
monoxide is 1.41. Hence, by For. (201), the external work = Wy = 
(PiVi — P2V2)/k —1 = [(144 X 100 X 5) — (144 X 20 X 15.6)] + 
(1.41 — 1) = (72,000 — 44,920) + 0.41 = 65,270 ft.-Ib. 

Exampie.—How much work is done in compressing 7 lb. of acetylene 
adiabatically from 70° F. to 300° F.? Soturion.—By Table 251, the 
value of Cy for acetylene is 0.270. Hence, by For. (202), the ezternal 
work = We = 718WCy(in — Bs) — 178 X 7X 0:270 X (70 — 300) = 
—374,530 ft.-lb. Or, 374.530 ft.-lb. must be expended in compressing 
the gas. 


273. The Energy Relations, Accompanying A Condition 
Change During Which The Specific Heat Has Any Constant 
Value—A Polytropic Change—may be found by the following 
formulas which are derived below. The pressure-volume 
relations for a polytropic change (Sec. 275) are based on these 
relations. 


(217) Q = WC(T2 — T1) (B.t.u.) 
(218) Wr = ava ({t.-lb.) 
n—1 
(219) We = 778W(C — Cy)(T2—T1) (ft.-lb.) 
(220) Wy = 778WC,(T2—T1) (ft.-lb.) 

Where, 

(221) i = A= ce (a constant) 
n—k : 

(222) C= Pe Cy (specific heat) 


Wherein: Q = the heat added to the gas, in British thermal 
units. W =the weight of the gas, in pounds. C = the 
specific heat of the gas during the process. 7, and T. = 
respectively, the initial and final temperatures of the gas, in 
degrees Fahrenheit. P, and P», = respectively, the initial 
and final pressures of the gas, in pounds per square foot abso- 
lute. V,and V». = respectively, the initial and final volumes 
of the gas, in cubic feet. Wy, = the external work done by the 
gas, in foot-pounds. Wy = the vibration work done on the 
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gas, in foot-pounds. n =a constant defined by For. (221). 
Cp and Cy = respectively the specific heats of the gas at 
constant pressure and constant volume. k = the ratio 
Cp/Cy. See notes under Sec. 268 concerning the algebraic signs 
of the energy quantities and also as to the manner in which 
the changes are assumed to occur. 


DerivaTion.—The specific heat (C) is, by definition (Sec. 88), the 
number of British thermal units which must be added to 1 lb. of a sub- 
stance in order to raise its temperature through 1° F. Hence, to raise 
the temperature of W lb. of gas through (7, — 7,)° F., there must be 
added WC(T: — 7) B.t.u. as expressed by For. (217). Also, For. (220) 
expresses the quantity of vibration work done during any condition 
change. By Sec. 259, the added heat is always effective only in doing 
vibration work and external work. Hence, 


(223) Wz = 778Q — Wy (ft.-lb.) 
Or, substituting from Fors. (217) and (220) and simplifying, there results: 
(224) Wa = T78W(C — Cy)(T2 — T1) (ft.-lb.) 
which is the same as For. 219. This For. (224) may also be written: 

(225) Wa = T78W(Cy — C)(T1 — T2) (ft.-lb.) 
(236) We = 778(Cy — C)(WT,i — WT?) (ft.-lb.) 


But, substituting from Fors. (207) and (208), 


T73(Cy — Ch 3 
ti —— —(Pi1Vi — P2V2) —(ft.-Ib.) 


Now, since k = Cp + Cy, For. 222 may be written: 


(227) Wer = 


J nG ree Ce 
(228) cat 
Or, subtracting both sides from Cy, 

sh eae GE 
(229) Cy Sa 
Also, by For. (211), 
(230) kg = 778(Cp — Cy) 


Therefore, by substituting Fors. (229) and (230) into For. (227) there 
results: 
- PV, rae PWV. 
(231) We =— Piatt (ft.-lb.) 
which is the same as For. (218). 
Nore. —Occurrences Or Potytrropic Cuances In PRACTICE are many 
In practically all reciprocating machines, wherein gases are employed, 
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the expansions and compressions of the gases are, for all practical 
purposes, polytropic. Actually, the specific heat probably varies some- 
what during all gas expansions and compressions but, because of the 
short time interval which is generally consumed in one of these processes, 
the variation in any case is quite small. 

Exampue.—lf 1.5 lb. of hydrogen is compressed polytropically from 
15 lb. per sq. in. abs. to 500 lb. per sq. in. abs. at which pressures its 
volumes are 200 cu. ft. and 10.76 cu. ft. respectively, how much heat is 
added, external work done, and vibration work? The value of n is 1.2. 
SoLution.—For hydrogen, by Table 251, Cy = 2.44, kg = 765.9, and 
k = 1.40. By For. (222), the specific heat = C = [(n — k)/(n — 1)] X 
Cy = [(1.2 — 1.40) + (1.2 — 1)] X 2.44 = (—0.20 + 0.2) X 2.44 = 
—2.44. Hence, by For. (218), the external work = We = (PiVi — 
P2V2)/(n — 1) = [5 X 144 X 200) — (500 X 144 X 10.76)] + (1.2 — 
1) = (482,000 — 774,720) + 0.2 = —1,713,600 ft-lb. By For. (148), 
Ti = PiVi1/Wke = (144 X 15 X 200) = (1.5 X 765.9) = 376° F. abs. 
Also, Tz = P2V2/Wkg = (144 X 500 X 10.76) + (1.5 X 765.9) = 764.3° 
F. abs. Hence, by For. (217), the heat added = WC(T2 — T1) = 1.5 X 
(—2.44) X (764.3 — 376) = —1,420.01 B.t.u. and, by For. (220), the 
vibration work = Wy = 778WCy(T2 — T1) = 778 X 1.5 X 2.44 X 
(764.3 — 376) = 1,105,676 ft.-lb. 

ExaMPiE.—lIf, in an air engine, 7 lb. of air expand in such a manner 
that n = 1.1 and the temperature is reduced from 100° F. to 40° F., how 
much heat is added or abstracted, how much external work is done, and 
how much (vibration) work in reducing the temperature? SoLuTron.— 
From Table 251, for air, Cp = 0.241, Cy = 0.171, and k = 1.40: 
Hence, by For. (222), the specific heat = C = [(n — k)/(n — 1)] Cy = 
[1.1 — 1.40) + (1.1 — 1)] X 0.171 = —0.533. Therefore, by For. 
(217) the heat added = Q = WC(T, — T1) = 7 X (—0.533) X (40 — 
100) = 223.9 B.t.u. Hence, 223.9 B.t.u. must be added. By For. (219), 
the ezternal work = We = T78W(C — Cy)(T2 — T1) = 778 X 7 X 
(—0.533 — 0.171) X (40 — 100) = 230,000 ft.-lb. By For. (220), the 
vibration work = Wy = 778 WCy(T2 — T1) = 778 X 7 X 0.171 X (40 — 
100) = —55,900 ft.-lb. 


274. A Table Of Values Of The Polytropic Exponent n 
For Actual Machines is given below.—Since, by For. (221), n 
varies with the specific heat of the gas during a process, and 
since (Sec. 265) the specific heat may have any value whatso- 
ever, it follows that n may also have any value whatsoever. In 
actual machines, however, the values of n generally have some 
value intermediate between 1 and k—that is, the expansion or 
compression is intermediate between isothermal and adiabatic 
depending on the design and operation of the machine. The 
following values have been determined by experiment: 
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Type of machine Value of n Authority 
Air compressor—cooling by in- 

JOCHON Of WAbET a1. 21510 \0r0is/sletele sl 1.26-1.36) Ennis—‘‘ Applied Thermodynamics” 
Air compressor—cooling by water| seldom be- 

TACKOb sd. .o cc ekre ee eeevere « cternisce low 1.30 | Ennis—‘‘ Applied Thermodynamics” 
Hydraulic piston air compressors.| 1.23-1.28) Ennis—‘t Applied Thermodynamics” 
Gas engines expansion, large 

ON ER cies. scoke reese ceistows Makers ens 125 Ennis—‘ Applied Thermodynamics” 
Gas engines expansion, small 

OD ZINES Saye arever seas sie) cee suet s ace a | 1.38 Ennis—‘‘ Applied Thermodynamics”’ 
Gas engines expansion, occasion- 

EWU bye fs} bre. coo adaaaonceso 1.55 Ennis—‘ Applied Thermodynamics” 
Air compressors, water jacketed.| 1.25-1.35) Shealy—‘' Heat”’ 
Airenginess.cenicasistew ein sade ons 1.3 -1.35| Shealy—‘‘ Heat” 

Air compressors, average value...| 1.3 Marks—" Mechanical Engineers’ H. B.” 
Gas engines, compression stroke..| 1.25-1,35| Marks—‘' Mechanical Engineers’ H. B.” 
Gas engines, expansion stroke 

(generally)inn meine 1.30—-1.50| Marks—“‘ Mechanical Engineers’ H. B.”’ 
Gas engines, expansion stroke 

sometimes... «accene were sere onl Usi7.0) | Marks—‘‘ Mechanical Engineers’ H. B.”’ 


275. The Pressure-volume-temperature Relations For A 


Perfect Gas During Adiabatic Or Polytropic Processes may be 
found by the following formulas together with those of See. 
249. As the derivation of the following formulas involves the 
calculus, the derivations will not be here given. See notes 
under Secs. 272 and 273 for occurrences of adiabatic and 
polytropic expansions in practice. The formulas are: 


(232) Po ea IS (constant) 
(233) PyVx a PoV " 
p 7. * n 
(234) ie al) 
P ; 
< = r f 1 nr 
(235) Veal ) 
p n-1 
23 = ie 
(236) T, = T1(5') 
7 \n-1 
= vt 
(237) Tee Te) 
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(238) P, = rE 
| il 


(239) =v) 


Wherein: P and V = respectively, the absolute pressure and 
volume of the gas at any point along the path, in any units. 
K =a constant. n =the polytropic exponent which is 
defined by For. (221); for adiabatic processes n = k = Cp 
/Cy. P, and P, = respectively, the absolute pressure at a first 
and second instant during the condition change, in any units. 
Viand V2 = respectively, the volumes of the gas at the same 
first and second instants during the condition change, in any 
units. T, and Te = respectively, the absolute temperatures 
of the gas at the same first and second instants during the 
condition change, in any units. 


Nors.—TuHe Appiication Or THE Asove FormMULAS GENERALLY 
Invotves Tue Use Or Locarirams.—Although Fors. (234) to (239) can 
frequently be solved readily by using special slide-rules, the use of log- 
arithms is more common and will be used in the following examples. 
The problems should serve to explain the method of solving problems 
involving fractional exponents. 


Exampiye.—lind the final pressure when air in an air engine is ex- 
panded adiabatically from a volume 1 cu. ft. at 115 lb. per sq. in. abs. to a 
final volume of 6 cu. ft. SoLurion.—From Table 251, k for air = 1.40. 
Hence, by For. (234), the final pressure = Po = Pi(Vi/V2)" = 115 X 
(1 + 6)1-40 = 115 X (0.166,7)!-4°. To find the value of (0.166,7)1-49, 
first find the logarithm of 0.166,7. From a table of logarithms, log 
0.166,7 = 9.221,9 — 10 = —0.778,1. Now multiply this value by the 
exponent, thus: 1.40 * —0.778,1 = — 1.089,3. Now, find the number 
of which this is the logarithm, thus: log~! — 1.089,3 = log-!8.910,7 — 10 = 
0.081,42. Hence, (0.166,7)1-49 = 0.081,42 and P2 = 115 X 0.081,42 = 
9.36 lb. per sq. in. abs. 

ExampiLe.—In a gas engine, what will be the volume at 15 lb. per sq. 
in. abs. of a given quantity of gas after polytropic expansion (n = 1.25) 
from a volume of 2 cu. ft. at a pressure of 135 lb. per sq. in. abs.? Sonv- 


T10n.—By For. (235), the final volume = V2 = Vi(P1/P2)a = 2 X (135+ 


1 
15)175 = 2 X 99-8- Now, log9 = 0.954,2. And, 0.8 X 0.954,2 =0.763,36 
= log 6.072. Hence, V2 = 2 X 6.072 = 12.144 cu. ft. 
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Examp_Ly.—lItf the initial temperature of the gas of the preceding example 
‘is 1,150° F., what will be its final temperature? SoLurion.—By 


n—-1 


For. (236), the final temperature = Tz = T:(P2/P,) “ = (460 +1,150) X 
1.26-1 0.20 

(15 + 185) “* = 1,640 x %. Now, log= 9.045,8 — 10 = 

—0.954,2. And, 0.2 X —0.954,2 = 0.190,84 = 9.809,16 — 10 = log 

0.644,4. Hence, 72 = 1,640 X 0.644,4 = 1,056° FP. abs., or 596° F. 


276. Dalton’s Law Of Gases (see discussion of this same 
subject in Sec. 306) states that each separate gas, in a mixture 
of gases, responds to changes of pressure, volume, and temperature 
exactly as though it were entirely isolated from the other gases. 
Therefore, if all of the gases in a gaseous mixture are such 
(which means not near their saturation temperature) that 
they obey, approximately, the laws of perfect gases (Sec. 226), 
then the mixture, as a whole, will follow, approximately, the 
laws of perfect gases. 


Nors.—If the pressure exerted by a gaseous mixture be more definitely 
analyzed, it will be found that each of the constituent gases therein has 
the same pressure that it would have if it existed alone. Therefore, the 
pressure of the mixture is the sum of the pressures of its constituent gases. 
This principle, which is sometimes called the law of partial pressures, is 
embodied in Dalton’s law. 


sReads 147 Lb. Reads 14.7 Lb Reads 294 Lb. 
: per Sq. In. \. per S¢.In. per SqJn-, 
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Fia. 272.—Illustrating Dalton’s law. 


Exampue.—lIf (Fig. 272) 1 cu. ft. of oxygen and 1 cu. ft. of nitrogen, 
at atmospheric pressure, were placed together in a vessel of 1 cu. ft. 
capacity, then the pressure of the mixture would, since atmospheric pres- 
sure = 14.7 lb. per sq. in., be 14.7 X 2 = 29.4 lb. per sq. in. 
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QUESTIONS ON DIVISION 8 


1. What is the practical importance of the heat phenomena of gases? 

2. Define a gas. What is the distinction between a gas and a vapor? 

8. What is a perfectgas? Has any perfect gas beenfound? Name some gases which 
behave nearly like a perfect gas. 

4. What is meant by the condition of a gas? By what is it determined? What isa 
condition change? 

5. What is meant by saying that a certain property of a gas is maintained constant, 
when working with the gas laws? 

6. State Boyle’s law. How was it discovered? For what kind of changes does it 
hold? 

7. To what kind of problems may Boyle’s law be applied? 

8. Write Boyle’s law as a formula expressing it in at least three different ways. 
What precautions must be taken with regard to the units? 

9. Ifa given weight of a certain gas undergoes condition changes at constant tempera- 
ture, what relation always holds between its pressure and volume? 

10. For constant-volume changes, how does the pressure of a gas at any temperature 
compare with its pressure at 32° F.? State this as a formula. 

11. For constant-pressure changes, how does the volume at any temperature compare 
with its volume at 32° F.? Does it matter what the pressure is during such a change? 
State the relationship as a formula. 

12. According to the formulas for constant-volume and constant-pressure changes, 
what would be the pressure and volume of a perfect gas at —460° F.? What is this 
temperature called? State the conversion formulas for temperatures. 

13. Give the verbal statement of Charles’ law. For what kind of condition changes 
does it hold? Interpret the law. 

14, To what kind of problems may Charles’ law be applied? Does a heat exchange 
always accompany such changes? 

15, Write Charles’ law as a formula and express the formula in three different ways. 
What precautions must be taken as to the units in these formulas. Show that these 
formulas are the same as those given in answer to Question 10. 

16. Give the verbal statement of Gay-Lussac’s law. For what kind of condition 
changes does it hold? Cite simple examples to interpret the law. 

17. To what kind of problems may Gay-Lussac’s law be applied? Does a heat 
exchange always accompany such changes? 

18, Write three expressions (as formulas) for Gay-Lussac’s law. State the precautions 
which must be observed with regard to the units in which the quantities are measured. 

19. Show how two of the three fundamental gas laws may be used to solve problems 
involving the simultaneous change of the volume, pressure, and temperature of a gas. 
For a given example how are the two laws selected? 

20. State the formulas for the combined gas law. Show their derivation. 

21. What is the constant relationship between the pressure, volume, and tempera- 
ture of a given weight of a perfect gas as the gas undergoes condition changes? Express 
it by a formula. 

22. In what units may the values of the gas properties (pressure, volume, and tempera- 
ture) be expressed when they are used with the values of the gas constant as tabulated 
in this division? How are the gas-constant values determined? 

23. Give a verbal statement of the general gas law. Why is it considered important? 
What is it based on? 

24. Write the general-gas-law formula and the formulas which result from it. Show 
the derivation of the formula. » 

25. What two types of problems are, in general, solvable by the general gas law? 

26. What is the engineering definition of density? What unit is widely used for 
measuring densities? State the formulas which show the interrelations between volume, 
weight, and density. 

27. Is the density of gases 9 constant or variable quantity? Explain fully, 
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28. Write the equations which show the relation between the density of a gas and 
other properties of the gas. 

29. Explain fully how air drafts may be caused by differences in density. 

30. Wherein do the heat effects on gases differ from those on solids and liquids? 
Explain fully. 

31. How much disgregation work is done when a perfect gas is heated? How was 
this determined? Make a sketch and explain the experiment. 

32. What two effects may be produced when heat is added toa gas? Explain experi- 
ments, using sketches, to prove that these two effects are produced. 

33. Explain fully how it is that a gas does external work when it expands. Draw a 
sketch to show how a gas does external work. 

34. What is a throttling expansion? Explain what happens in such an expansion. 

35. Explain fully, using sketches, how an area may be used to represent the work done 
by a constant force. A variable force. Does each area unit necessarily represent one 
foree unit? Why? 

36. What is the significance of the area under a pressure-volume graph? Explain 
fully, using sketches. 

37. What is meant by effective work? Total work? What is the difference between 
these two called? 

38. Is the specific heat of a gas a fairly well defined quantity like that of a solid or 
liquid? Why? Explain. 

39. Explain the significance of the specific heat of a gas at constant volume. Draw 
a sketch to illustrate. 

40. Is the specific heat of a gas at constant pressure greater or less than that at con- 
stant volume? Why? Does its value depend upon the pressure? How would you 
prove this? 

41. May a gas have other specific heats than those just referred to? When? 

42. Explain the significance of an infinite specific heat. A specific heat of zero. 
A negative specific heat. 

43. Of what importance are the energy relations which accompany condition changes 
of gases? Why should condition changes not be spoken of as expansions and 
compressions? 

44, How many different kinds of condition changes are there for gases? Of what 
definite kind are gas cycles composed? 

45. Do the laws and formulas, of this division apply to expansions through orifices 
or nozzles? Why? 

46. State the energy relations for a constant-volume change. How much external 
work is done? What becomes of the added heat? 

47. Write the energy-relation formulas for a constant-pressure change Why must 
more heat be added for a given weight of gas and a given temperature increase than for 
a constant-volume change? Derive the formulas. 

48. Write the energy relations for a constant-temperature change. What is such a 
change called? How are these relations derived? 

49. What name is given to a condition change which involves no heat transfer? 
Is any external work done during such achange? Draw asketch to show an ideal appa- 
ratus with which such a change might be effected. 

50. Write and derive the energy relations for an adiabatic change. 

51. What property of a gas remains constant during a polytropic change? 

52. Write and derive the energy relations for a polytropie change. 

53. State the pressure-volume relations for a perfect gas undergoing a polytropic 
change and explain the meanings of the symbols in the formula. 


54. Explain the use of logarithms for solving equations involving fractional exponents. 
° 


PROBLEMS ON DIVISION 8 


1. At 32° F. and atmospheric pressure (14.7 lb. per sq. in. abs.) 1 lb. of air occupies 
12.39 cu. ft. At the same temperature what pressure will it exert when confined in 2 
ou. ft.? 
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2. Three cubic feet of air at atmospheric pressure are to be compressed at constant 
temperature to 100 lb. per sq. in. gage. What volume will the air then occupy? 

3. If a given weight of gas at 32° F. exerts a pressure of 60 lb. per sq. in. abs., what 
pressure will it exert at 100° F. when in the same volume? Solve by For. (115). 

4. Using For. (117) and the data of Prob. 1, find the volume of 1 lb. of air at atmos- 
pheric pressure and 70° F. 

5. Using For. (121) and the data of Prob. 1 find the pressure exerted by 1 lb. of air 
when confined in 12.39 cu. ft. at 300 ° F. 

6. A tank holds a certain volume of gas at 70° F. and 60 lb. per sq. in. gage pressure. 
To what temperature must the gas be heated so that the pressure shall be 100 lb. per 
sq. in. gage? 

7. A given weight of gas at atmospheric pressure and 40° F. occupies 3 cu. ft. What 
volume will the same gas occupy at atmospheric pressure and 1,800° F.? 

8. At what temperature will 1 lb. of air at atmospheric pressure occupy 15 cu. ft.? 
(Use data of Prob. 1.) 

9. A certain gas occupies 10 cu. ft. when at 50° F. and under a pressure of 1 atmos- 
phere. By using two of the fundamental-law formulas, find the volume of the same gas 
at 80° F. and a pressure of 2.5 atmospheres. 

10. Find the pressure exerted by the gas by Prob. 9 when the volume is 8 cu. ft. and 
the temperature is 100° F. (Use two steps.) 

11. What temperature would the gas of Prob. 9 have when its volume is 5 cu. ft. and 
its pressure is 30 lb. persq. in. abs.? (Solve in two steps.) 

12. Solve Prob. 9 in one step. 

13. A quantity of gas at 60° F. and atmospheric pressure has a volume of 7 cu. ft. 
What pressure will the same gas exert when at 200° F. and in a volume of 6 cu. ft.? 
(Solve in one step.) 

14. At what temperature will the pressure and volume of the gas of Prob. 13 be 30 
lb. per sq. in abs. and 5 cu. ft. respectively? 

15. A receiver of 15-cu. ft. capacity contains 9 lb. of acetylene. At what tempera- 
ture will the pressure in the tank become 200 lb. per sq. in. gage? 

16. What must be the capacity of a receiver to hold 50 lb. of air at a pressure 
of 250 lb. per sq. in. gage and at a temperature of 210° F.? 

17. When 9 lb. of a certain gas occupy 5 cu. ft., the pressure and temperature are, 
respectively, 175 lb. persq. in. gage and 290° F. Which is the value of the gas constant? 

18. A tank of 10-cu. ft. capacity contains air at atmospheric pressure and 70° F. 
Air is forced into this tank until the pressure rises to 200 lb. per sq. in. gage, and the 
temperature to 75° F. What weight of air has been forced into the tank? 

19. If 30.6 lb. of oxygen is confined in a 3-cu. ft. container, what is the density of the 
gas? 

20. If, under certain conditions, the density of air is 0.08 lb. per cu. ft., how much will 
88 cu. ft. of the air weigh? 

21. What is the density of nitrogen at 100 lb. per sq. in. gage and 80° F.? 

22. From the result of Prob. 21 find the density of nitrogen at 80° F’. and atmospheric 
pressure. 

23. From the result of Prob. 21 find the density of nitrogen at 1800 lb. per sq. in. 
gage and 200° F. 

24. How many foot-pounds are represented by the shaded area of Fig. 273? 

25. A tank held 40 cu. ft. of air at 200 lb. per sq. in. gage. This air is cooled in the 
tank to 70° F. and its pressure is now 150 lb. per sq. in. gage. How much heat has been 
extracted and how much vibration work is done on the air? 

26. If 6 lb. of air are heated at constant pressure from 60° F. to 150° F., how much heat 
is added, and how much external and vibration work is done? 

27. A compressor delivers 100 cu. ft. of air per min. at a pressure of 100 lb. per sq. in. 
gage and at 130° F. If this air is cooled, at constant pressure, so that only 90 cu. ft. 
are delivered at another point, how much heat is abstracted each minute? How much 
external and vibration work is done during the cooling? 

28. It is desired to compress 3 cu. ft. of air at atmospheric pressure to 100 Ib. per sq- 
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in. gage. How much heat must be withdrawn to accomplish this without changing the 
temperature and where does this heat come from? 

29. Compute the work done by 1 lb. of air in expanding from 175 lb. per sq. in. gage 
to 15 lb. per sq. in gage at a constant temperature of 100° F. 
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Fie. 273.—Pressure-volume work diagram. 


80. During an adiabatic process the temperature of 20 lb. of air changed from 80° 
to 150° F. How much external work was done on the gas? 

81. One pound of air expands adiabatically from 300 lb. per sq. in. abs. and 200° F, 
to 15 lb. per sq. in. abs. What are its initial volume, final volume, and final 
temperature? 

82. In Prob. 31, how much external work is done by the expanding air and how much 
vibration work? 

33. In an air compressor, 10 cu. ft. of air at 100° F. and under a pressure of 14 lb. 
per sq. in. abs. are compressed adiabatically. The final pressure is 60 lb. per sq. in. 
abs. Compute the volume and temperature of this air after compression. 

34. If, during a polytropic process for which n = 1.2, the temperature of 20 lb. of 
air changed from 80° to 150° F., how much external work was done by the gas? How 
much heat had to be added? 

85. During the compression of an ideal gas 40,000 ft.-lb. of work are expended and 
8 B.t.u. are taken from the gas by conduction. How much vibration work is done on 
the gas? 

36. During a compression following the law PV!8 = a constant, the temperature of 
the air rises from 80° to 200° F. How much heat has been transferred to the cylinder 
walls per pound of air? 

87. If 1 lb. of nitrogen expands polytropically (n = 1.35) from 100 Ib. per sq. in. 
gage and 120° F’. to atmospheric pressure, what will be the final volume and temperature? 

88. Compute the heat added, external work, and vibration work in Prob. 37. 

39. If oxygen were expanded adiabatically from an initial condition of 1,800 lb. per 
sq. in. abs., 2 cu. ft., and 90° F. until its temperature reached —280° F., what would be 
its final pressure and volume? 


DIVISION 
MELTING AND FREEZING OF SUBSTANCES 


277. Melting Or Fusion is the process by which a sub- 
stance is changed (Sec. 103) from the solid to the liquid state 
by added heat. 

Note.—Tue TrempreraturRE At Wuica A SvusstaAnce Mruts Or 
Fuses is called its temperature of fusion, or simply its melting point, 
see Table 285 for values. 

Nots.—Berore Procereping THE READER SHOULD Review carefully 
the material in Div. 4, starting with Sec. 96, which discusses the three 
ways in which heat which is added to a substance may be expended, and 
the three different kinds of work which heat added to or abstracted from 
a substance may do. 

278. Solidifying Or Freezing is the process by which a 
substance changes (Sec. 161) from the liquid to the solid state; 
freezing is always accompanied or occasioned by the abstrac- 
tion of heat from the substance. 

Note.—Tue Temperature At Wuaicu A Sussrancn So.ipIFIEs or 
freezes is called its temperature of solidification, or simply its freezing 
point. The usual freezing point (temperature) for any substance is the 
same as the melting point (Sec. 277) of that substance. 

279. All Crystalline Substances Have Definite Tempera- 
tures Of Fusion And Solidification.—That is, every substance, 
as mercury, ice, sulphur, silver, in which the molecules are 
grouped in the form of crystals of a definite uniform structure, 
has a certain fixed, characteristic temperature, corresponding 
to a given pressure, at which both melting and solidification 
occur. 

Notre.—Wuen A CryYSTALLINE SupsTANceE Unppr A Consrantr 
PressurRE Unprercors Errapr Mewitina Or Souiviryina, its tempera- 
ture remains constant from the instant that melting or solidifying begins 
until the process is completed, as discussed more fully in following 


Sec. 289. 
255 
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280. All Non-crystalline Or Amorphous Substances Have 
Indefinite Temperatures Of Fusion And Solidification.—That 
is, every substance, as glass, waz, resin, glue, in which the mole- 
cules are arranged in an indeterminate, irregular and non- 
uniform formation, have no definitely fixed temperature at 
which both melting and solidification occur. 

Norr.—Non-cRYSTALLINE Sussrances Assume Ati DrGcrens OF 
Viscosity (Sec. 165) both in melting and in solidifying. If a glass rod 
is heated in the flame of a blow-torch, it will become soft and may be 
easily bent. If the heating is continued, the glass will become more and 
more plastic. Finally, it will begin to melt. But if the heat is still 
applied, after melting begins, the temperature of the glass will continue 
to rise. That is, no point is reached, as heat is applied, at which the 
temperature remains constant for an interval. 

281. The Melting And Solidifying Temperatures Of Dis- 
solved Or Alloyed Substances are, generally lower than the 
melting and solidifying temperatures of 
the simple substances which compose 
the solutions or alloys. This principle 
is of great practical importance in many 
ways. It provides a ready means (Fig. 
274) for producing ice artificially. Also 
(ig. 275) it, by virtue of the low melt- 
ing temperatures of certain alloys, is the 
“y0i fromolo"rahrs basic principle of many fire-extinguish- 

BN Bottomofes3"""" ine devices. By varying the proportions 

sel Nate AN tari (Fig. 276) of the metals used in an alloy, 
use of salt brine in artificial the melting point of the alloy can, 
ph a Eade eee eee within a certain range, be made any 
F.—the freezing point of Cesired temperature. 


water—before it begins to = , : F 
frooe, EXxAmpLtE.—When salt is dissolved in water 


(Fig. 274) the freezing temperature of the 
brine thus formed may be many degrees lower than the freezing tem-~ 
perature of pure water. Hence, the pure water in the can A (Fig. 274) 
will be frozen into a solid cake of ice, as B, when the can is immersed in 
the low-temperature brine for a sufficient length of time. 

ExampLe.—A certain alloy, called Darcet’s Metal, is composed of 2 
parts bismuth, 1 part lead and 1 part tin. The melting temperature of 
this alloy is 203° F., which is (Table 285) many degrees lower than the 
melting temperature of either of the component metals. 

ExampiE.—An alloy of tin, lead, and bismuth has been used (Fig. 277) 
for making the fusible elements of safety plugs for steam boilers. The 
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alloy in the cap, F (Fig. 277), absorbs heat from the furnace gases. But 
normally the conduction of this heat to the water in the boiler proceeds 
at a sufficiently rapid rate to prevent the temperature of the alloy from 
reaching the melting point. 
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Fie. 275.—Details of Grinnel sprinkler head for use in fire-protection systems. 
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Fia. 276.—Curves showing variations of melting temperatures of alloys corresponding 
to variations in the proportions of the metal constituents of the alloys. 


However, if the water level falls low enough to expose the cap Ff 
directly to the steam in the boiler, then, the steam not being able to 
conduct away the heat as rapidly as the heat is absorbed by the cap, the 
temperature of F quickly rises to the melting point of the alloy. Then 
the cap F melts and is blown out. The blowing out of the plug liberates 
the steam in the boiler and prevents a possible explosion, 

iY 
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282. The Use Of Metal Alloys In The Liberating Devices 
Of Sprinkler Or Fire Protection Systems (Fig. 275) permits 
the sprinklers to be adjusted for operation (Fig. 278) at 

exactly the highest tempera- 
<Fusitle Mloy Cap-22 ture that can be allowed, with 
‘Binoling Nuh 5S oe CEO safety, in the building which 
TEES = the apparatus is designed to 
protect. 


ie WA 
(ies oT. Cex RUS are 
She, OF oe CGS oO Poe Se 
A Fo vege ree ee esis Sprinkler Pipe# 
Fie. 277.—Fusible safety-plug for steam Fria. 278.—Grinnel sprinkler- 
boilers. head in action. 


ExpLanation.—The key, H (Fig. 275), is soldered to the main strut- 
piece, F, by an alloy, S, which fuses at the desired temperature. If the 
normal temperature of the room in which the sprinkler is installed is 100° 
F. or less, the fusing temperature of the solder, S, is usually fixed at 155° 
F. If the normal room-temperature is to be between 100° and 150° F., 
then an alloy with a fusing temperature of 212° F. may be used. Should 
the air in the room become heated to the fusing temperature of the alloy, 
the soldered joint, S, will be melted out. The key, H, and hook, G, 
will thus become disjointed. The glass valve, EH, being released from the 
restraint of the strut-piece, 7, will then be blown out by the pressure 
of the water beneath. The issuing water (Fig. 278) will be broken into 
spray by the deflector, J, and will, presumably, extinguish the fire. 


283. The Utility Of Fusion Pyrometers For Measuring 
High Temperatures (lig. 279) depends upon the facility with 
which the melting temperatures of alloys or compositions of 
substances can be adjusted to desired degrees of heat intensity. 
Such pyrometers are commonly used for determining the 
temperatures of pottery furnaces. They consist of a gradu- 
ated series of two or more clay pyramids, or Seger cones. The 
pyramids are about 2.5 in. high. They are composed of 
several different varieties of clay, which are mixed in such 
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proportions as to give a different melting point to each 
pyramid in the series. The difference between consecutive 
melting points is about 35° F. A range of temperature from 
about 600° to 3,400° F. may thus be covered. The cones are 


es oo by eS 


iz 


“Series Numbers” 


Fie. 279.—A fusion pyrometer—melting temperatures in degrees Fahrenheit are as 
follows: A = 2,000. B = 2,035. C = 2,070. D = 2,105. E = 2,140. 


stamped with numbers. A definite melting temperature 
corresponds to each number in the series. 

ExPLANATION.—When a series of Seger cones, or clay pyramids, is 
placed in a furnace which is being fired up for service, the cone or pyra- 
mid which ha the lowest melting point will be the first to lose its upright 
form. The temperature corresponding to the series-number on a cone or 
pyramid is reached when the tip of the cone or pyramid has bent over 
B (Fig. 279) so that it just touches the tile surface on which the cone or 
pyramid stands. 

Norre.—Fusion Pyrrometers Grvp Onty Approximate TEMPERA- 
TuRE MrasurpMENTS—but these are sufficiently accurate for the pur- 
poses for which the cones are properly employed. 

284. Temperature Pendants (Fig. 280), for giving approxi- 
mate indications of flue-gas temperatures in boiler plants, are 
made by adjusting the proportions of the alloy of which the 
pendants are cast to give a graded series 
of melting points. The utility of these 
devices as they are ordinarily furnished 
is limited to a range of temperature be- 
tween 425° and 550° F. There is a 75° 
difference between the fusing points of 
the three pendants. They are usually 
applied by suspending the three pen- Fia, 280.—Green’s tem- 


dants in the path of the gases. Be eRe sepa at eee cl 
ing temperature stamped 


ExAMPLE.—Suppose the pendants A, B, C on eaco pendant. 
(Fig. 280) to be suspended in a boiler breeching. 
If pendant A melts while the others remain intact, then the temperature 
lies between 425 and 500° F. If pendants A and B both melt while 
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pendant C remains intact, then the temperature lies between 500 and 
550° F. 

285. Table Showing The Melting And Freezing Points 
(Temperatures) Of Various Substances under atmospheric 
pressure. Values are from the following authorities: 
S = Smitusonran Tasues. M = Marks’ MEcHANICAL 
ENGINEERS’ HANDBOOK. 


l 
Melting | Melting 
and rm | and ACaROR 
freezing Ee Pe freezing | — ieee 

Substance Stn ity Substance | nant ity 

deg. | deg | 

Fahr. Fahr 
(Alcoholoacmone aie ate —143 iS) head's scheencmet eer sak 621 iS 
Aluminunayerree ieee | 1,218 Ss Magnesium.......... | 1,204 tS} 
IAM GMO Yee en eniers 1,166 8 | Magnesium chloride. | 1,306 NS 
Bariumedeeeeeeai Laoo2 iS) | Magnesium sulphate.. 302 Ss 
Bismutheereer iets 520 NS} iMlencury.caeesete erceeioe —38 Ss 
Borax. tie sntear aes 1,366 Ss ItNae@kell:s, ssieamciuareeece 2,646 iS) 
Galoimmer curren .| 1,490 NS} Oxy rensase sade ee —360 Ss 
Calcium chloride... . 1,404 Ss Platinum onan Peck ibe | SS 
Carbon!—above.....| 6,300 Ss} Silvierj.cen oes cee ea COL Ss 
Carbon dioxide}... .. —70.6 Ss Soahime eee 53) 208 s 

| 224 
Carbon disulphide... . —166 Ss Sulphur2jee ase | 235 Ss 
| 247 

Copperecs niece iscearen 1,981 Ss Wed sores] aera ee bbe Ss 
Glycerine..... 4 M bo yen ase, eee 449 Ss 
Goldiciennetantn tendon 1,945 Ss Momestenk ese | 6,152 Ss 
Hv drogeniencenenena —434 S | Dhinpemtine ys sar: | 14 M 

TLodine@ascce den asanian 236 s \oarCwater eee.) ete 32 | 
Tron! (pure) vase oes TSO Ss WAN NO Weerrmrrvn ttn a. oe faye | 3S 


Pr adbiones (Sec. 163). 
2Sulphur occurs in three solid forms haying the values as shown. 

286. Many Substances May Be Changed From The Solid 
To The Liquid State By Solution.—That is, by mixing them 
with other substances which are already in the liquid state, 
as when salt or sugar is dissolved (Sec. 170) in water, or when 
shellac is dissolved in alcohol. In the dissolution of a solid 
substance by this process, energy is expended in causing the 
molecules of the solute, or solid substance, to separate from one 
another and intermingle intimately with the molecules of the 
solvent, or liquid substance. When some solutes are dissolved, 
even their molecules (or some of them) are broken up into zons. 
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287. The Heat In The Substances, Or In Surrounding 
Substances, Supplies This Energy.—A portion of the vibration 
or sensible heat (Sec. 54) of the mixture is (by doing disgrega- 
tion work) transformed into potential energy due to the mutual 
rearrangement of the molecules. Therefore, in all mechanical 
solutions—that is, solutions which occur without violent chemi- 
cal reactions between the solute and the solvent—heat energy 
must be absorbed while the process of dissolution is proceeding. 
The production of freezing mixtures depends upon this principle. 
Such mixtures may be made by mixing certain solid substances, 
as sodium chloride (common salt) or calcium chloride, with 
snow or broken ice. 


EXPLANATION.—If a quantity of snow or broken ice is placed in a vessel 
(Fig. 281) and is mixed therein with common salt, the snow or ice will 
melt quickly. The disgregation heat which the snow or ice must absorb 

(Sec. 98), in order that melting may occur, 
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Fie. 281.—Illustrating applica- Fia. 282.,—The freezing temperature of brine 
tion of freezing mixture. varies with the percentage of dissolved salt. 


saturated solution of salt and water, the temperature of the salt-ice 
mixture will tend to become that at which a saturated solution of salt 
freezes (—6° F.). The temperature will attain this value if heat does 
not reach the ice water faster than the ice can melt. If less salt is 
present than that which is necessary to produce the saturated solution, 
the temperature of the brine-ice mixture will be higher than —6° F, 
In all cases, the temperature (Fig. 282) will depend mainly upon the 
quantity of the dissolved salt. The greater the proportion of salt to 
water in the brine, the lower the melting temperature of the ice in the 
brine. If a vessel (Fig. 281) containing a liquid that freezes at about 
the freezing point of water be submerged in the freezing mixture, the 
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liquid will be quickly frozen. This is the operating principle of the 
ordinary household ice-cream freezer. 

Nors.—A Freezinec Mrxture is one which may be used to produce 
low temperatures. A mixture containing about 3 parts of snow and 1 
part of common salt will produce a temperature of from 4° to 6° below 
0° F. A mixture containing 3 parts of 
calcium chloride and 2 parts of snow 
will produce a temperature of 50° below 
0° F. The mixing of equal parts of 
nitrate of ammonia and water may result 
in reducing the temperature of the 
mixture through 46° F. 


Sodium Chioriae, 
(Common Salt. ja 


Norzr.—WatTEeR For EXTINGUISHING 
Fires may, when kept in barrels which 
are exposed to freezing weather tempera- 
tures, be kept fluid by dissolving (see 
Fig. 283) a quantity of calcium chloride 
therein. Calcium chloride is preferable, 
for this purpose, to common salt. The 
corrosive action of common salt on 
metals is considerable. Also, the salt 
tends to creep from the solution, by 
capillary action, and crystallize on the 


Fic. 283.—Graphs showing 
freezing temperatures of calcium- i ae 
chloride and sodium-chloride (com- OUtside of the containing vessel. If 


mon salt) solutions, in water, of calcium chloride is not obtainable. 
different concentrations. common salt may be used. 


288. The Effect Of Pressure Upon The Melting And Freez- 
ing Temperature Of Substances will now be considered. Ifa 
body of water has imposed on it a pressure many times greater 
than the pressure of the atmosphere, it will continue in the 
liquid state even though its temperature be reduced somewhat 
below its freezing point (Sec. 278) under atmospheric pressure. 
But if a mass of lead is melted under atmospheric pressure and 
isthen subjected to a pressure greatly in excess of atmospheric, it 
will again become solid at a higher temperature than the 
temperature under which it was melted. These phenomena 
suggest the following principles: (1) The temperatures of melting 
and solidification of any substance which expands while solidi- 
Jying and contacts while melting is lowered by applying pressure. 
(2) The temperature of melting and solidification of any subd 
stance which contracts while solidifying and expands while melting 
1s raised by applying pressure. 
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EXAMPLE.—A small wire (Fig. 284) with weighted ends, WW, is slung 
over a rectangular block of ice. The temperature of the surrounding 
air remains constantly at 32° F. The pressure, due to the suspended 
weights, WW, which the wire exerts, upon the narrow area upon which it 
rests, reduces the freezing temperature 
of that area slightly below 32° F. 


Air in Chamber _.. Origine! Position 
of Wire 


Hence, the ice under and in immediate of 2 Dey. Fors, 


contact with the wire begins to melt. 
Presently, the wire will have cut into 
the ice-block to a considerable depth. 
But as the wire descends it will dis- 
place the water which results from the 
melting. The water will gather above 
the wire. Being relieved from the 
pressure of the wire, the water will 
again freezetoice. The fissure which 
the wire forms as it descends is thus 
being constantly closed above the 


. H th = b rae =———_—__ 
wire. ee ; e wire ie) wos! Wire Embedleol--" \ Supports 
bedded in the ice-block as it cuts its in Ice 
way through. “The process of melting Fic. 284.—Regelation—illustrating 


effect of pressure on the melting tem- 


under pressure and freezing again erature of ical 


when the pressure is relieved is called 
Regelation. 

Note.—TuHeE FREEZING TEMPERATURE Or A Bopy OF Watrr May Br 
LowERED from 32° to about 31.9865° F. by adding 14.7 lb. per sq. in. 
(1 atmosphere) to the normal atmospheric pressure on its surface, and 
the freezing temperature will decrease approximately 0.013,5° F. for each 
additional atmosphere of pressure added. 


289. Latent Heat Of Melting Or Fusion will now be con- 
sidered. As defined and explained in Sec. 106: “Latent heat 
is the heat energy which is required to produce changes in the 
physical state (Sec. 49) of a substance.” It has been found 
by thousands of experiments that, for each substance, a 
certain definite amount of heat is required to convert, into the 
liquid state, 1 lb. of the solid substance which is already at its 
melting temperature. Following Table 291 shows values. 
This amount of heat which is required to convert 1 lb. of a 
substance, which is in the solid state and at its melting tem- 
perature into the liquid state, at the same temperature, is 
called the latent heat of melting for the substance. See also 
Sec. 103. 


EXPLANATION.—If a quantity of cracked ice (Fig. 285) be melted over 
the flame of a spirit lamp, the mercury in the Fahrenheit thermometer 
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will stand at the 32° mark until the ice is entirely changed to water. 
But the instant the last vestage of the original mass of ice has disappeared, 
the mercury will begin to rise. Although the thermometer indicates no 
rise of temperature while the melting is in prog- 
ress, the ice is, nevertheless, constantly 
absorbing heat from the flame. But this heat 
is wholly expended as disgregation work—in 
overcoming the cohesion among the molecules 
of the ice crystals (Sec. 50) and in separating 
them. That is, the energy of this latent or 
unindicated heat is used up in the work of 
disintegrating the compact molecular structure 
that exists in ice and in giving the molecules 
that freedom under which they exist in water. 

Hence, the “latent” heat which is not re- 
= vealed by the thermometer resides within the 


water in the form of molecular potential energy, 
or as the additional energy of position which 
the molecules possess by virtue of their in- 


LL. “Live ~~ ereased =distance from one another. This 
Fra, 285,—Illustrating latent Phenomenon is, presumably, present in the 
heat. melting of all substances. 


290. Similarly, When A Substance Changes From The 
Liquid To The Solid State, The Latent Heat Energy Existing 
Within The Liquid Is Given Up to surrounding substances. 
Or, stating the same idea in a different way: As a substance 
is changed from the liquid to the solid state, the latent heat 
energy (disgregation heat) which resides within the liquid 
must, to effect the change, be abstracted from the liquid. 
Hence (Tig. 286) the temperature of any substance which 
has a determinate freezing point (Sec. 278) continues con- 
stant while the substance is changing from the liquid to the 
solid state. 


Exampiy.—A crucible containing molten zine (Fig. 286) at a tempera- 
ture of 896° F. is permitted to cool. The liquid zine begins giving up its 
sensible, or vibration heat (Sec. 97). Therefore, the temperature falls 
gradually, AB, until 787° F., which (Table 285) is the temperature of 
solidification, is reached. The temperature remains at 787° (BC, Fig. 
286) until the zinc has completely solidified. During this BC interval 
the zine is giving up its latent heat of melting, or disgregation heat. 
When all of this heat has been abstracted, the solid zinc then again begins 
giving up its sensible or vibration heat. Hence, the gradual fall of 
temperature is resumed as shown at CD. 
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Nots.—It Is Propasty Truz THat Tor Mevtine Or Every Crys- 
TALLINE SUBSTANCE Requires THe ExprenpirureE Or A CrrtTain 
Quantity Or Hat, depending upon the nature of the substance, to 
change the molecular arrangement 
which exists in the solid state of ggg ggoswiaification is Completed Here-. 
the substance to that which exists 676 701A’ a 
in the liquid state. This, how- +660 » 46H ; 
ever, cannot be asserted without £6? § ort iip SEEEEESESTE 
qualification, since the melting pee : : 
temperatures of some substances £7,545 
are so extremely high that accurate 779 8 41 
observations of the phenomena = 752 = 400 


aan 


involved cannot be made. A7THA 39 HH HE 
Norr.—Tue Earty Investica- 76 3 FO 40 
Tors Or Heat PHENOMENA GAVE yiime in Second s 


x Ht h “Solidification Begins Here 
THe Name LATENT EAT to the Fie. 286.—Graph showing temperature 


heat energy (disgregation heat) conditions during the cooling and solidifica- 
which is expanded in reconstruct- tion of a mass of molten zine. 

ing the molecular arrangements 

of melting substances. It was presumed that this energy simply soaked 
into a melting “Substance and remained concealed therein in a deadened 
or dormant condition. 


Notr.—Dr. Buacx, A Scotcu Puysicist, In 1760 DeTERMINnED THE 
Latent Heat Of Icp.—He placed two vessels, one containing 1 lb. of ice, 
and the other containing 1 lb. of water at 32° F., in a chamber in which 
the temperature was kept constant at about 47.3° F. The temperature 
of the 1 lb. of water rose to 39.2° in 0.5 hr. The melting of the 1 lb. of 
ice and the heating of the resulting water to 39.2° consumed 10.5 hr. 

The experimenter assumed that during each 44 hr. equal quantities of 
heat passed from the surrounding air into the 1 lb. of ice and the 1 Ib. of 
water. That is, (so Black computed) the ice received 39.2 — 32 = 
7.2 B.t.u. per 0.5 hr. Hence, in 10.5 hr. the ice absorbed (10.5 + 0.5) X 
7.2=151.2 B.t.u. Only 7.2 B.t.u. were required to raise the temperature of 
the melted ice to the temperature of the chamber. ‘Therefore, a quantity 
of heat = 151.2 — 7.2 = 144 B.t.wu.—the latent heat of ice—was pre- 
sumed by Dr. Black to have been absorbed and stored in the water in a 
‘latent’? or dormant condition. 

Dr. Black’s method was not strictly accurate because, actually, heat 
transfer is, as explained in Diy. 5 dependent not only on the time during 
which the heat flows but also on the average difference between the 
temperature of the cold body and that of the hot body—the thermal 
pressure. Now, the average thermal pressure forcing heat into the 1 lb. 
of water was, actually, slightly different from that which forced heat into 
the 1 lb. of ice. Hence, Dr. Black’s result was inaccurate, because he 
assumed that both of these thermal pressures were the same. A more 
accurate method of determining the latent heat of melting is the method 
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of mixtures (similar to that of Sec. 94). It is remarkable how nearly 
correct Dr. Black’s result actually was. 

Later and more consistent determinations have shown that the latent 
heat of melting of ice is more accurately 148.3 B.t.u. per lb. However, 
the value of 144 B.t.u. per lb. is the one which is commonly used in 
engineering work. 


291. Table Showing Latent Heats Of Melting Or Fusion Of 
Different Substances.—The values shown here have been 
computed from the SMITHSONIAN TABLES. 


Latent heat of melt- 
Substance ; ing, in B.t.u. per 

pound 
ATM Ue ee cease rane ites aide aaa 188.2 
Bisa Glee peers are eee ae Seach eae cen 22 0o 
(Olay jain conasd anyon ooh CoOnOMaOno ne comNae a Uae 75.6 
Troneray: Casta: eeamera area ees oe ae 41.4 
Tron#white: casts en to a eae eee 59.4 
TROMISLAR eh Pe reason PR eh eesti eae eee 90.0 
TOGING ER eA ciiseccr na wor Se ei aca Lothar eee 21.08 
TCG ree eR ae w stat ae mene Saseencte aus erg MEE NERC ih SS 
i 821216 Foe oR OR RAE EROS, SOR RL Meret Ok Seater he 9.65 
DLO CUry. ei he oicaettecnc ic Cee no ree i Cara ec meee 5.08 
Nickell orien. etustohactres ort tenis a ESY ee eae 8.35 
Platinimnierrneente cers ar ieee ei csennerc reea eee 49 0 
DIL VOL sien co neee aonauc ei cuss ia satay oe hltacee et Bala eee es 37.9 
Sulphuri we ictmmen eter teak nor weeny ores oe ean 16.87 
EAT. See taser ievcrocehe facie mee RIT et nae te mene 25e2 
ZADG cede FAA ce ae Gee er ieee Laker oS CREE ae 50.638 


Norr.—Srtrictiy, Tue Larent Heat Or Mertine Or A SussTaNncE 
Witt Vary Wirth Tub Pressurp Wuaicu Is IMposep ON Tue SuBsTANCE 
Wuite Ir Is Metrina, if the substance expands or contracts due to the 
melting. This is because that if the substance changes volume in 
melting external-work heat will (unless the melting occurs in a vacuum) 
have to be supplied—in addition to the disgregation heat—to do the 
external work which is occasioned by any change of volume. However, 
as explained in Sec. 103, the amount of this external work is so small in 
practical cases that it may be safely neglected. 
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292. The Heat Required For Melting A Given Weight Of A 
Substance together with that required to warm the substance 
to its melting point, may be computed by the following 


formula: 
(240) Q = W(C(Ty — T) + La] (B-6.U.) 


Wherein: Q = heat, in British thermal units, required for warm- 
ing and melting the substance. W = weight of substance, in 
pounds. 7’, = temperature, in degrees Fahrenheit, at which 
the substance melts. J'= initial temperature, in degrees 
Fahrenheit. C = mean specific heat of the substance, between 
T and Ty, see Table 90. Ly =latent heat of melting, in 
British thermal units per pound, see Table 291. 


Exampie.—A block of ice weighs 201.5 lb. Its temperature is 29° F. 
How much heat will be required to melt it? Soturion.—By Table (90), 
the specific heai of ice = 0.504 B.t.u. per lb. By Table (291) the latent 
heat of melting of ice = 148.33 B.t.u. per lb. Hence, by For. (240), the 
required heat = Q = W[C(Tu — T) + Lu] = 201.5 X {[0.504 (32 — 
29)] + 143.33} = 29,186 B.t.u. 

ExaMPpLe.—A copper ingot weighs 55 lb. Its temperature is 80° F. 
How much heat will be required to melt it? SoLiution.—By Table (90) 
the specific heat of copper = 0.093 B.t.u. perlb. By Tables 291 and 285, 
the latent heat of melting and the melting temperature of copper are, 
respectively, 75.6 B.t.u. per lb. and 1981° F. Hence, the required heat = 
{[{(1981 — 80) X 0.093] + 75.6} x 55 = 13,882 B.t.u. 


QUESTIONS ON DIVISION 9 


1. What chiefly distinguishes the molecular structure of a substance in the solid 
state from the molecular structure of the same substance in the liquid state? 

2. What is meant by temperature of fusion? Temperature of solidification? 

3, What characteristic of substances apparently determines whether the melting 
temperature of a substance shall be constant or variable? 

4. The freezing temperature of a mixture of sugar and water is lower than the freezing 
point of pure water. Why is this? 

5. What are freezing mixtures? How may they be utilized practically? 

6. What, in general, is the effect in the melting points of two or more different metals 
when an alloy is formed with the metals? In what respect is this principle of practical 
utility? Give an example. 

7. In what manner, other than by melting, can some solid substances be reduced to a 
liquid state? 

8. What is a solute? A solvent? 

9. In what ways do variations of pressure affect the melting and freezing tempera- 
tures of substances? 

10. What is meant by latent heat of fusion? 

11. What becomes of the latent heat in a liquid substance while the substance is 
solidifying? 

12. Describe and give values for Dr. Black’s latent-heat experiment. 
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13. Does the latent heat of fusion perform a constant action function in a liquid 
substance, that is does it do work—or does it exist in a state of dormancy? In any 
event, what is the function of latent heat of fusion? 

14. Why did the early experimenters use the term “latent” in defining the non- 
sensible heat that goes into melting substances? 

15. What is a fusion pyrometer? 

16. Explain the use of Seger cones. 

17. What are temperature pendants? 


PROBLEMS ON DIVISION 9 


1. How much heat is required to change 300 lb. of ice at 22° F. to water at 32° F.? 

2. An ice-can (Fig. 274) contains 258.3 lb. of water at 65° F. How much heat will 
pass from the water in the can to the brine in the tank while the water is freezing toa 
solid block of ice at 32° F.? 

3. What is the approximate freezing temperature of a mass of pure water if the gage 
pressure on its surface is 110 lb. per sq. in.? 

4. A ton of tin at a temperature of 80° F. is heated and melted in a crucible to 660° F. 
How much heat is absorbed by tke tin? 


DIVISION 10 
VAPORIZATION 


293. Vaporization is the change in state (Sec. 49) of a sub- 
stance which occurs when the substance is transformed from 
the liquid state into the vapor form of the gaseous state. 
See Sec. 225 for the distinction between a vapor and a gas. 
Vaporization is a common phenomena and one of great 
practical importance. 

Exampies.—In the steam power plant (Div. 15) it is vaporization 
that changes the boiler water into steam when the water is heated. In 
the refrigerating plant (Div. 18) it is the vaporization of the liquefied 
ammonia or other liquefied gas which indirectly produces the artificial 
ice and the low temperatures which are necessary in cold-storage houses. 
It is due almost wholly to vaporization that cooling towers and spray 
ponds (see the author’s Strpam PowmnR PLANT AUXILLIARIES AND 
AcceEssorigs) cool the circulating water. In the home, it is vaporiza- 
tion which drys the family “wash.” 

Notrre.—Steam Is Mprevy Water VAPor or, as it is sometimes called, 
aqueous vapor. Hence, as will be explained in Div. 11, much valuable 
information concerning the properties of water vapor may be obtained 
from steam tables, an example of which is given in Table 394. 


294. There Are Two Kinds Of Vaporization: (1) Evapora- 
tion. (2) Ebullition. Hvaporation (Fig. 155-I) 7s vaporization 
which occurs only at the free surface of a liquid. Evaporation 
takes place only below the boiling point of a liquid. Hbulli- 
tion (Fig. 155-IT) or boiling 1s vaporization which takes place 
from within the body of a liquid, the evolved vapor passing 
through the liquid to the surface. Each of these two forms 
of vaporization is discussed in succeeding sections. 

Note.—Svusiimination (Fig. 155-JI7) is sometimes considered as a 
form of evaporation. But in this book it is deemed best to treat it as a 
distinct phenomenon, It is discussed in Sec. 163. 

295. Evaporation is occurring about us continually. Water— 
or any liquid—left in an open vessel gradually disappears. 
But some liquids evaporate more rapidly than others. Thus, 
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alcohol evaporates more rapidly than water; ether evaporates 
more rapidly than alcohol. In each of these cases the liquid 
which evaporates is transformed into a vapor and passes 
away as such. 


Norsr.—A ‘‘Vouatite”’ SUBSTANCE is one which will evaporate freely 
at a relatively low temperature. The term ‘‘volatile,’”” however, is 
generally used only in comparing two or more substances. One sub- 
stance is said to be more volatile than a second if, at a given tempera- 
ture, the first substance tends to evaporate more freely than the second. 
Thus, alcohol is more volatile than water and less volatile than ether. 
Of two substances, the more volatile will, for a given pressure, have the 
lower boiling point (Sec. 315) and will, for a given temperature, have 
the greater vapor pressure (Sec. 304). 


296. Evaporation Of Liquids Occurs At All Temperatures 
provided the space which is in contact with the liquid does not 
contain a saturated (Sec. 305) vapor of the liquid. Many 
examples of this fact are matters of common observation. 


Exampie.—The moisture from wet clothes which have been “hung 
out to dry’ evaporates more rapidly in hot dry weather. 
ExpLanation.—Tue Turory Or Evaporation is this: The molecules 
of all substances which are at temperatures above 0 deg. absolute, that is 
which contain heat energy, are (Sec. 45) in continuous motion. In the 
case of a liquid, the motion of the molecules is rapid and occurs through- 
out the entire body of the liquid mass. Now, while these rapid molecu- 
lar movements are occurring, certain liquid molecules collide continually 
with others which are similarly vibrating about rapidly. Due to the 
impact of these collisions, some molecules attain velocities much greater 
than the average velocity of the molecules in the mass. If the molecules 
which thus have acquired velocities greater than the normal happen to 
be near the surface of the liquid, then they may be projected (Fig. 287) 
out into the space above the liquid. 
Thus they become gas or vapor 
molecules. In the aggregate they 
form a vapor in the space above the 
liquid. During the process of evapo- 
Fia, 287.—Illustrating evaporation or ration into air, the space above the 
surface-vaporization, liquid is occupied by a mixture of 
air molecules and vapor molecules. 
The vapor molecules occupy portions of the large (relatively) spaces 
between the air molecules. 


297. When The Liquid Is Unconfined The Flying Off Of 
The High-velocity Molecules Continues until, ultimately, 
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all of the liquid molecules disappear. Then complete vapori- 
zation has occurred. The liquid has ‘‘evaporated.” 

Norr.—WueEn Haar Is Appep To THE Liqguip—when it is warmed— 
the velocity of its molecules is increased and its evaporation is thereby 
hastened. 

298. The Laws Of Evaporation are: (1) Jt increases with 
the temperature. (2) It increases with the extent of surface 
exposed by the liquid. (8) It ts much greater into dry air than 
into air which contains vapor. That is, it decreases as the 
saturation increases (Sec. 305). (4) It increases with the rate of 
removal of the vapor from the surface of the liquid as some vapor 
molecules near the liquid surface tend to return to the liquid 
body if the vapor is not removed. (5) The rate of evaporation 
zs increased by diminishing the pressure on the exposed liquid 
surface and vice versa. (6) The rate of evaporation depends on 
the nature and concentration of any substances which may be 
dissolved (Sec. 286) in the liquid. Formulas for computing the 
actual rate of evaporation of water under various conditions 
are given in the author’s Steam Pownr PLant AUXILIARIES 
AND ACCESSORIES. 

299. Evaporation Increases With The Temperature Of The 
Liquid.—This follows since (Sec. 55) an increase in the tem- 
perature of the liquid is equivalent to an increase in the 
average velocity of molecular motion of the liquid molecules. 
When the temperature of a liquid is increased, the number of 
liquid molecules, which in a given time attain the high 
velocity which is necessary to project them into the space 
above the liquid, is increased correspondingly. ‘Thereby the 
evaporation is increased. 

EXAMPLES.—Wet objects dry more rapidly when placed on a radiator 
or near a hot stove. Damp objects are dried quickly by passing a hot 
iron over them; a cold iron has no effect. A sprinkled street pavement 
on which the sun is shining will dry promptly while one in the shade will 
remain wet. 

300. Temperatures May Be Decreased By Evaporation 
(Fig. 288). When a certain weight of a liquid is vaporized, 
by evaporation or otherwise, then an amount of heat equal 
to the latent heat of vaporization of that weight of the liquid is 
abstracted from the liquid and air and objects which are adja- 
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cent to it (latent heat of vaporization is discussed in following 
Sec. 322). Thereby the remaining liquid and adjacent bodies 
are cooled. There are many practical examples of this 
phenomenon. A few are given below. 
EXPLANATION.—Evaporation is in reality an escape, from the surface 


of the liquid, of those liquid molecules which have acquired the highest 
velocities—which represent the greatest heat energy per molecule. 


Temperature OF 
Cotton Wet 
With Ether. 


Serre OF SEAS) Air Cotton- 


Fie. 288.—Illustrating the cooling effect of evaporation. 


Hence, the continual projection of these molecules from the liquid results 
in a correspondingly continual decrease in the average velocity—tem- 
perature—of the molecules which remain. The temperature of the 
remaining liquid will therefore decrease until no more heat is lost from it 
by evaporation than it receives from surrounding objects. 
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Fra. 289.—Spray cooling pond. The evaporation from the sprays and from the surface 
of the pond cools the water. 


Examputes,—A small quantity of ether dropped on the back of the 
hand will evaporate very quickly: Coincidentally, an intense cooling 
sensation will be felt where the ether touches the hand. If the ether 
is dropped on cotton (Fig. 288) which is wrapped around a thermometer 
bulb, the thermometer will indicate an immediate and pronounced tem- 
perature decrease. The temperature of condenser circulating water, 
which is used over and over again, is reduced by evaporating a small 
portion of it in a cooling pond (Fig. 289), a cooling tower (Fig. 290) or with 
spray nozzles (Fig. 291). Drinking water is kept cool in hot dry locali- 
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ties by placing it in a porous earthenware jar (Fig, 292) which is hung in a 
shady windy place; the water which seeps through to the surface of the 
porous jar is evaporated and thereby the remaining water in the jar is 
maintained cool, The evaporation from a specially constructed porous 
earthenware vessel (Fig. 293), which has been submerged in and satur- 
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Fig. 290. Fia, 291. 


Fic. 290.—Cooling tower. (Warm water enters the distributing tray, 7, and falls 
in fine streams over the lath checker-work. A current of air from the fan, F, along with 
some air drawn in by natural draft cools the falling water by evaporation.) 


Fic, 291.—Spray nozzle with part of side cut away. (The nozzles break the water 
into fine droplets, thus exposing a large surface for contact with the air thereby causing 
rapid evaporation.) 


ated with, water, maintains at a relatively low temperature the food con- 
tained therein. Solid carbon dioxide may be made by the cooling effect 
of liquid carbon dioxide evaporating in a bag (Tig. 294). 

ExamMP_e.—F REnzing Water By Toe Evaporation Or Erarr may 
be effected with the apparatus shown in Fig. 295. The beaker is placed 
on a thin film of water on the wooden block. ‘The block serves as a heat 
insulator. By blowing air through the ether with the bellows, the ether 
is evaporated rapidly. It absorbs the heat required for its evaporation 
from adjacent objects. Thereby the water film is transformed to ice: 
The beaker is “frozen” to the block with a layer of ice. In refrigeration 
plants, the evaporation of the liquid ammonia in the cooling coils (Fig. 
296) abstracts (indirectly, see Div. 18 on RurricmRation) heat from the 
water in the freezing cans. Thus the water in the cans is changed into 
ice. 

18 
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Fig. 292.—Porous earthen water jar or “olla’”’ used for cooling water in hot dry 
climates. (Courtesy Santa Fe Railroad.) 
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Fie. 293.—Porous earthen cooling vessel. Food articles are placed inside. Entire 
vessel is then submerged in water for about 3 min. Water soaks into porous walls. 
Subsequent evaporation of water from outside of walls produces cooling effect. 

Fia. 294.—Method of making solid carbon dioxide. (Opening V permits liquid 
carbon dioxide to flow into cloth bag B. Its rapid vaporization therein, due to the 
reduced pressire, causes the formation of carbon-dioxide snow in B.) 
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301. Condensation is the opposite of vaporization. It 
is the process by which a substance changes from the gaseous 
to the liquid or solid state. As explained hereinafter, conden- 


Ldlions- 
Bubber Tube->. 
Class Tube 


Thin Glass} 
keakir. | 


“4 v7 12 Fin Formed On Lock 


vb 
Pia. 205,.—Water frozen by the rapid evaporation of ether. 

sation of 4 vapor may be due to either an abstraction of heat 

(cooling) when the pressure remains constant or to compres- 

sing the a when the temperature remains constant. 

Or it may be due to 4 combination of the two conditions. 
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Fic. 296.—Diagram of cooling coile and brine syetern used in making “can”’ ice. 
(Ciquid ammonia, when released through V, vaporizes and abstracts heat equivalent to 
its latent heat of vaporization from the brinein CT. The brine is then circulated through 
the freezing tank PT. Thereby the water in the cans, C, is frozen.) 


Examries.—In the condenser (Fig. 297) in a steam-power plant, the 
steam is condensed into water by abstracting heat from it with cold 
water. Economies, as explained in Div. 15 result from the condensing 
operation. In 4 compression refrigeration plant (see Div. 18), the 
compressed ammonia vapor is condensed into liquid ammonia in an 
arnmonia condenser. 

302. All Substances Increase In Volume When Vaporized 
And Decrease In Volume When Condensed.—That is, their 
volumes increase (Fig. 298) when they are transformed from 
the liquid to the gaseous state and decrease when they are 
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transformed from the gaseous to the liquid state. All sub- 
stances (Table 303) undergo very great changes of volume 
while vaporizing or liquefying at 
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Fia. 297.—Sectional view of Wheeler barometric ejector condenser. 


Fig. 298.—Showing relative volumes of the same weight of steam and water. (At 
212° F. and 14.7 |b. per sq. in. pressure, 0.000,607 cu. ft.—or 1.05 cu. in—of water will 
make 1 cu. ft., or 1,728 cu. in. of steam.) 


303. Table Showing Specific Volumes Of Various Substances 
In The Liquid and Gaseous States. (Marks’ MrcnanicaL 
ENGINEERS’ HANDBOOK.) 


Specific volume = cu 


| Boiling Boiling 
; ft. per lb. ¢ 
Material pressure, KeMmper=. || 55 ee Pee Le) UReaion= 
lb. per sq. ature, yh | G G+tL 
| in. abs. | deg. Fahr Liquid | Gas 
Water ene aa ee 14.7 212 | 0.0167 | 26.79 1604 
ATOM ONIA |. we nen 14.7 —27.2 0.0237 18.02 760 
Carbon dioxide... . Ao08.5 32 0.01759 0.1666 9.47 
Sulphur dioxide. 5 14.7 13.7 0.01130 5.38 477 
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304. Vapor Pressure Or Vapor Tension (Fig 299) is 
the pressure exerted by a body of vapor. It may be conven- 
iently measured in pounds per square inch, inches mercury 
column, or in any other pressure unit (Sec. 7). The molecules 
comprising the vapor of a vaporized liquid act (Sec. 50) 
precisely as do those of a permanent 


A 
gas. They produce a pressure by yocwym.--. 
bombardment of the walls of any a7 pe fe... (ees 
enclosing vessel. 
ExaMPpLte.—The most important ex-  ; 
ample of vapor pressure is the pressure; 
exerted by steam (Fig. 299) which is ; 
aqueous or water vapor. H 
= pers 
oe 
cae ant 
ase 
x 
3 
© 
5 
© 
Cylinder’ — Piston? 
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Fic. 299.—Vapor pressure exerted by water Fig. 300.—Illustrating the principle 
vapor (steam) on confining walls. of vapor pressure. 


Exampi4e.—Tube A in Fig. 300 in reality constitutes a barometer as 
explained in Sec. 10. The height of mercury column, H;, is the height 
which is supported by the atmospheric pressure. If now a drop of ether 
be introduced into the tube with a curved pipette, as shown at B, the 
mercury column will immediately be forced down to the height Hp». 
The difference, D, in the heights of the two mercury columns will be the 
vapor pressure, expressed in inches mercury column, which is exerted by 
the ether vapor. The bombardment of the ether-vapor molecules 
creates the pressure which forces the mercury column down. ‘The 
pressure of saturated ether vapor at room temperature may be as great 
as 16-in. mercury column. 

Norr.—Varor Pressure Is Exprtpp Wuprtver Tuere Is A 
Varor.—While the effects of vapor pressure are most apparent when 
the vapor is confined in a closed vessel such as a steam boiler or a closed- 
end tube like that of Fig. 300, an unconfined vapor exerts a pressure, 
just as does any gas, on the objects in and around it. Thus, water 
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vapor in the air exerts a part of the observed pressure on the earth’s 
surface—land and water—and on all objects in the locality where the 
vapor exists. 

ExamPLE.—Suppose the atmospheric pressure as shown by a barom- 
eter is 14.5 lb. per sq. in. and that the air is mixed with saturated water 
vapor at 80° F. The vapor pressure due to aqueous vapor at 80° F. is (by 
asteam table) about 0.5 lb. per sq. in. Hence, the pressure due to the 
oxygen, nitrogen, and other relatively non-condensable constituents of the 
air is 14.5 — 0.5 = 14.0 lb. per sq. in. That is, a cubic foot of the air 
will contain only as much of the non-condensable gases as if it were free 
of water vapor and at a pressure of 14 lb. per sq. in. When the quantity 
of a gas which is over water is being measured, this effect must be 
considered. 


305. A Saturated Vapor is any vapor which cannot have 
heat abstracted from it or be compressed at constant tempera- 
ture without partially condensing. That is, a vapor is 
saturated when its molecules are so densely packed in the given 
space that additional molecules arising from the liquid would 
tend to reduce the molecular arrangement to that which exists 
in the liquid state of the substance. See also Sec. 354 for 
another definition of saturated vapor. 


Notre.—Wuen A Vapor Is Saturated, THE PressuRE EXERTED 
By Tue Vapor presses, as it were, down on the liquid and, in effect, 
prevents further liquid molecules from entering the space where the vapor 
exists. There is an equilibrium be- 
tween the pressure exerted by the 
vapor and the pressure exerted by the 
liquid. A vapor which is confined in 
a closed vessel may and will become 
saturated (Fig. 301-77) provided that 
a portion of the liquid remains in the 
vessel. But a vapor which is uncon- 
fined (Fig. 301-J), which is free in 
the open air, cannot become saturated 
because the vapor molecules diffuse 
and seep away through the air (note 
under Sec. 304) and are wafted away 
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Fio. 301.—Showing how confining by air currents. 
vapor prevents further evaporation, EXpLANATION.—The water in the 
closed cylinder (Trig. 302) is assumed 
to be in process of vaporization at a certain temperature, 7: Due to the 
violence of their vibratory motion, the liquid molecules at the surface 
are (Sec. 296) incessantly darting into the space between the water and 
the piston. Thus they become vapor molecules. But, while darting 
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hither and thither in the enclosed space, some of these vapor molecules 
strike the surface of the water. These molecules thereby resume their 
original status as water molecules. 

For a time, a greater number of molecules will be leaving the water to 
become vapor molecules than will be returning thereto to again become 
liquid molecules. The disparity be- 
tween the number of departing and 
the number of returning molecules 
will, however, gradually diminish. 
Finally, the number of molecules Thermometer, 
arising from the water as vapor will - 
equal the number returning thereto 
as liquid. 

Hence, if the piston is still main- 
tained in its original position, the total 
number of vapor molecules in the 
space between the piston and the water 
will thenceforth continue constant. 
When this condition of equilibrium is 
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Is Commonty Ussep To INpDICATE 
THe Conpition Or Tue AQuEous 
Vapor In THe Air In Any Space 
Into Wuicu Water Has VarorizEp.—In such cases the air is incorrectly 
said to be saturated with the vapor. (Instead it should be said to be 
mixed with saturated vapor.) This ‘‘saturated-with-the-vapor”’ idea is 
the popular, though scientifically inaccurate, interpretation of the term. 
It results from an erroneous theory, which formerly prevailed, that air 
preserves the vaporized condition of a substance by holding, like a sponge 
holds water, the vapor molecules suspended in the pores or spaces 
between its own (the air’s) molecules. The following terms are (Psy- 
CHROMETRIC Tastes, W. B. No. 235; U. S. Department Of Agriculture) 
incorrect: ‘‘The air is partly saturated with moisture.” ‘‘ Weight of 
aqueous vapor in a cubic foot of saturated air.” The following is cor- 
rect: ‘‘ Weight of a cubic foot of saturated aqueous vapor.” That is, 
the air is not “saturated;” it is the vapor which is saturated. 

ExaMpLe.—Steam in a boiler which is under pressure, assuming of 
course that there is water in the boiler in contact with the steam, is a 
good example of saturated aqueous vapor. In fact, such is called sat- 
urated steam. 


Fic. 302.—Illustrating principle 
of vapor-saturation. 


306. Dalton’s Laws For Vapors, discussions of which follow, 
are: (1) The pressure of a saturated vapor depends only on its 
temperature. (2) The total pressure of a mixture of gases 
or vapors which have no chemical action on each other, 1s equal to 
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the sum of the pressures which each would exert seperately wf it 
were alone in the space occupied by the mixture. These laws 
are stated a little differently by various authorities but the 
differences are of minor importance—the laws, as stated here, 
are believed to enumerate the governing facts. 

Norrt.—Tue Sreconp Or Tue Apove Laws Is Cauiep “ Datton’s Law 
Or PartiAL Pressures.’’—The law does not hold for vapors of liquids 
which dissolve in one another either partially or in all proportions 
(Gregory and Hadley, Manuau Or Murcuanics AnD Hmat, p. 237). 
See discussion of this law as applied to gases in Sec. 276. 

ExaMpLe Or Eixception.—Gasoline is a mixture or solution of many 
liquids having different boiling points (Sec. 315). The vapor pressure of 
each of these liquids is sufficient so that if the combined vapor pressure 
were the sum of the individual vapor pressures, a pressure of much more 
than atmospheric pressure would be developed and the liquid would boil 
at ordinary temperatures. Similarly it would be impossible to condense 
the gasoline vapor as it is condensed in its purification by distillation. 
The combined vapor pressure of the gasoline constituents is more nearly 
an average than a sum of their individual vapor pressures. 


307. The Pressure Of A Saturated Vapor Depends Only On 
Its Temperature.—If enough ether is introduced into tube B 
of Fig. 300, so that it does not all vaporize at atmospheric 
temperature, then D will measure the pressure, in inches of 
mercury column, of the saturated ether vapor at that tempera- 
ture. If, then, the saturated vapor in B be warmed by passing 
a bunsen-burner flame across it, more of the ether will be 
vaporized and the vapor will then exert a greater pressure and 
force the mercury still further down. Cooling the vapor has 
the opposite effect. By measuring the pressures exerted by 
the vapor at different temperatures, it can be shown that the 
pressure (Sec. 308) of a saturated vapor is determined only by 
its temperature. The pressure is independent of its volume 
if the temperature remains as shown above, the vapor deter- 
mines its own volume for any given temperature. 


ExamMpLy.—By referring to a saturated-steam table (Sec. 394) it will 
be noted that for each pressure there is a definite temperature and vice 
versa. A saturated-steam table is merely a saturated-water-vapor table. 

EXPLANATION.—l’or each temperature of a gas or vapor, there is 
(Sec. 55) a certain speed of vibration of its molecules. Since the vibra- 
tion speed of the molecules determines the pressure which the gas exerts 
it follows that the pressure is determined by the temperature. If the 
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temperature of the vessel which contains the vapor is raised, the mole- 
cules are projected more frequently from the liquid. Hence, more vapor 
molecules must then accumulate above the liquid to insure equilibrium 
between the vapor and its liquid. Thereby the number of molecules in 
the vapor space is increased. Furthermore, their velocities are increased 
by the temperature increase. Hence the pressure exerted by the vapor 
is increased correspondingly. 


308. The Saturation Pressure Of A Vapor is defined as the 
pressure which, at a given temperature, the vapor exerts when 
completely saturated. The saturation pressure is the maxi- 
mum pressure which a vapor can exert at any given tempera- 
ture. Saturated-steam tables (Sec. 394) give the saturation 
pressure for water vapor or steam. 

309. Condensation Occurs When Heat Is Abstracted 
From A Saturated Vapor Or When Vapor Is Compressed 
Without Changing Its Temperature.—Examination of any 
saturated-vapor table (Div. 11) will disclose that the density 
(weight of a,cubic foot) of saturated vapor increases with its 
temperature. Now, if heat is abstracted from a saturated 
vapor, the vapor will be cooled and will contract—as all sub- 
stances do when their temperature is decreased. Or, if the 
saturated vapor is compressed, its temperature remaining con- 
stant, it will then also occupy a smaller volume. Hence, 
abstracting heat from or compressing a saturated vapor causes 
a given weight of the vapor to occupy less volume—that is, 
increases the density of the vapor. But, by the vapor tables, 
the density of the vapor cannot have a value greater than given 
in the table for the given temperature. Therefore, a portion of 
the vapor must condense and occupy only that smaller volume 
which it requires when in the liquid state. If the vapor has 
been compressed without changing its temperature, then the 
resulting mixture of liquid and vapor will still exert the same 
vapor pressure as before compressing the vapor; but the vapor 
will now occupy a smaller volume than before. If the vapor 
has suffered an abstraction of heat, it may exert a smaller 
pressure and exist at a lower temperature than before heat was 
abstracted from it. 

Note.—Heart Is Apstractep From WatER Vapor In A Stmam Con- 


DENSER.—Steam may, after being used by an engine or turbine, be 
admitted to the condenser which is maintained at a low tempera- 
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ture by circulating cold water through it. The exhaust steam is thus 
cooled to a relatively low temperature at which it can exert only a small 
pressure and has a smaller density. The greater portion of the exhaust 
steam from the engine or turbine is thereby condensed—only a small 
weight of the original vapor remaining as vapor in the condenser. How 
economies may result through the operation of a condenser in connection 
with an engine or turbine is explained in Sec. 513. 

EXPLANATION.—Imagine a closed vessel which contains a liquid and 
its vapor at a certain temperature. The vapor is saturated because it 
is in contact with the liquid and molecules are passing from the liquid 
into the vapor at the same rate as molecules are passing from the vapor 
into the liquid (as explained under Sec. 305). If, now, the vessel is cooled 
from without, the liquid will first be cooled (because it is a better con- 
ductor of heat than the vapor). Thus, the average velocity of the liquid 
molecules will be decreased. Less of the liquid molecules will then have 
that abnormal velocity which is necessary to project them into the space 
above the liquid level. But, for the instant at least, the vapor molecules 
still possess the same velocities as before heat was abstracted. Hence, 
the equilibrium between the number of molecules passing into and out 
of the liquid is temporarily destroyed. 

Now more vapor molecules will enter the liquid than leave the liquid. 
Hence, the more rapidly moving vapor molecules enter the liquid—tend- 
ing to increase the temperature of the liquid and decrease that of the 
vapor. But heat is being withdrawn from the liquid. Hence, the liquid 
temperature is not increased by the entering vapor molecules but the 
liquid temperature remains constant until the vapor and liquid attain 
the same temperature. By this time enough vapor molecules have 
entered the liquid (in excess of those which have left the liquid) to 
decrease the temperature of the vapor to such a point that equilibrium is 
again restored—the number of molecules entering and leaving the liquid 
is again the same. But, during this process, more molecules have been 
entering the liquid than have been leaving it. Hence, a portion of the 
vapor has been condensed. 


310. Two Or More Vapors, When Mixed, Do Not Affect The 
Saturation Point Or Vapor Pressure Of Either provided the 
vapors do not act chemically on one another nor mix by solu- 
tion (Sec. 169) when condensed. The presence of more than 
one vapor simply has a retarding effect on the time necessary 
for a vapor to become saturated. The same amount of liquid 
will evaporate into an air-filled space as into a vacuum of the 
same volume. The air merely retards the rate of evaporation. 

EXxpLANATION.—The molecules of any gas or vapor have considerable 


space between them. The molecules of the second vapor occupy por- 
tions of these empty spaces. It is evident, from the theory of molecular 
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motion of gases, that the molecules in vaporizing from a liquid must 
encounter opposition by colliding with the molecules of the second vapor. 
Hence, due to the thus retarded motion, the time necessary for sufficient 
molecules to pass from the liquid to produce saturation is increased. It 
follows that complete saturation of a space wherein a partial vacuum 
exists is accomplished with greater rapidity than where the space is 
filled with air or other gas. 

311. The Effect Of The Air In Retarding The Rate Of 
Evaporation is important. If water vapor, which is constantly 
evaporating from river, lake, and ocean, diffused rapidly, the 
atmosphere would always be completely saturated (100-per 
cent. humidity, Sec. 331). All absorbent objects about us 
would then be soaked continually with moisture. But, because 
of its very slow dissemination, relatively 
little water vapor is contained in the 
atmosphere—even in regions adjacent 
to large bodies of water. A portion of 
that water vapor which does exist in the 
atmosphere always condenses (Sec. 339) 
when the temperature falls to the satura- 
tion point (Sec. 305). Some one of the 
weather phenomena described in Sec. 339 
then results. ee 

312. The Combined Pressure Of Two 7” 
Or More Vapors Or Gases Which Occupy — genzene 
The Same Space Is Equal To The Sum ee 
Of The Individual Pressures Exerted 
By Each.—This is the second of Dalton’s 
laws (Sec. 306). Its truth may be 
readily verified experimentally as is 3°” 
explained below: 


eo 


Combined Water kK A 


And Benzene Tube 


ExampLe.—In Fig. 303, W is an ordinary 
barometer tube with the usual vacuum space, Heese re nel 
of length V, above the mercury. All of the Prasstrenol iwar vapors. is 
tubes W, X, Y, and Z are of identical construc- equal to the sum of their 
tion. Into the space above the mercury in X individual pressures. 
enough water has been introduced to produce 
a saturated vapor, lowering the mercury level by distance A. Similarly, 
benzene vapor in Y lowers the level by distance #. Now, if an excess 
of water and of benzene were introduced into Z, the two combined’ 
saturated vapors would lower the mercury by distance 7. Now it will 


gy 
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be found that: 7 = V + 4 +E (nearly). This proves that the com- 
bined pressure of the water vapor and the benzene vapor is nearly equal 
to the sum of their individual pressures. 


313. Boiling Or Ebullition Is Vaporization From Within The 
Body Of A Liquid as well as from its surface. When heat is 
applied (Fig. 304) to a glass vessel which 

Lh ee ye ~Contains a transparent liquid, as clean 

water, bubbles will, after a time, be seen 

to form in that portion of the liquid 


yates which is immediately contiguous to the 
— source of heat. These bubbles are com- 
‘i posed of vapor, in precisely the same form 
Meee! as that which is generated by evaporation 
{ vapor We oss (See. 296) at the surface of the liquid. 


“Bubbles & Ee: : 
“Flame EXpLANATION.—The liquid in contact with the 


bottom of the glass vessel (Fig. 304) absorbs heat 
Fre. 304,—Illustrating ¢.5 the gas flame. The vibratory motion (Sec. 
boiling or internal vapori- i 3 Oa 
axe, 45) of the molecules in this portion of the liquid 
mass is thereby intensified. Certain molecules 
attain very high velocities and, colliding, are thus ‘‘bounced” to com- 
paratively great distances from one another. Certain of these separated 
molecules then assemble in groups and assume the mutual arrangement 
which is peculiar to the vaporous condition of matter. The bubbles, 
which may be seen through the transparent wall of the vessel, are the 
visible manifestation of this arrangement. Being less dense—lighter— 
than the surrounding liquid, these bubbles, or groups of vaporized 
molecules, tend (Sec. 137) to rise toward the upper surface. That is, a 
condition of boiling or ebullition ensues. 


If the liquid mass is of considerable depth, the bubbles which are first 
formed may disappear before they reach the upper surface. When this 
happens, the bubbles have simply given up the heat, to which they owe 
their vaporous form, to the molecules of the cooler portions of the liquid 
through which they have passed. They have (Sec. 162) condensed. 
That is, they have resumed the molecular arrangement peculiar to the 
liquid state. 

Due to this process of convection (Sec. 137) the entire mass of the 
liquid presently acquires a practically uniform temperature. Hence, the 
bubbles which are subsequently formed at the bottom of the vessel will 
retain their heat and, incidentally, their vaporous structure until they 
rise to the upper surface where they will break and their vapor will then 
mingle with the vapor above. 

Notgs.—A.t Or Tur Busses Wuaicn Form In A Bortine Liguip May 
Nor Br Vapor Bussies.—Some of them may be due to the presence of 
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air in the liquid. Application of heat to an air-impregnated liquid will 
cause minute masses of the air to expand and form bubbles. 

Nots.—WueEN A Liquip Botts THe Mourcutms Pass Into Tua 
Vaporous ConpitTion Boru At THE FREE SurRFACE OF THE Liquip AND 
At Tue Surraces Or THe Varor Busses within the liquid. Thus, 
there is an essential difference between boiling and evaporation. In 
evaporation (Sec. 296) the molecules pass to the vaporous condition only 
at the free surface. The only reason (Millikan & Gale) why vaporiza- 
tion takes place so much more rapidly at the boiling temperature than 
just below it is that the bubbles first form at the boiling temperature 
and the evaporating surface is increased enormously by the bubbles as 
soon as they form. 


314. Table Showing Boiling Temperature Of Liquids 
At Atmospheric Pressure. See Table 350 for boiling tem- 
perature of various liquefied gases. (Marxs’ MEcHANICAL 
ENGINEERS’ HANDBOOK.) 


Tempera- || Tempera- 
Liquid - ture, in Liquid ture, in 
deg. Fahr. | deg. Fahr. 
VAL ee ee eee 1,680 Aniline meni ee ee OOS. 
SE DHUn ere erate 823 Calcium chloride (sat. sol.) 356 
Mercuryern cece 675 ING YSSMHTVE so 50 ono cone oc 320 
Paratha eee ae 572 Tolien¢iperrs ke certs: 230 
Glyeerincaase. omer 554 | Sodium chloride (sat. sol.). 226.4 
Phospnorus-..-4-c 554 InWaterate ttdyia. toe 212 
Linseed oil:........ OSS me GPA COO] aa crectay tone aceon 172.4 
Naphthalene....... 424 FELe Litter sere arn wearer —450 


A Definite Boiling Temperature——When a thermometer 
is inserted in a mass of liquid to which heat is being applied 
(Fig. 304), the mercury will rise until the liquid begins to 
boil. The mercury—temperature—will then become station- 
ary and will stay so (as long as there is liquid in the vessel 
and the pressure on the surface of the liquid remains con- 
stant) no matter how great the rate of heat application. Why 
the temperature thus remains constant is explained in Sec. 96 
and Sec. 98. For a given liquid and a given pressure, this 
boiling temperature or boiling point is always the same; see 
Table 314. 
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Norr.—Tue Reason Tue Tempprature Or Tur Liqguin Cannot 
Be IncrEASED Apove THE Bortine Pornt is that the area of surface of 
the bubbles always increases to just such an extent that the loss of heat 
necessary to do the disgregation work which is required to affect vapori- 
zation is exactly equal to the heat received from the fire. In other 
words, the disgregation heat continually passing out with the ascending 
vapor molecules becomes just equal to the heat which is being continually 
supplied by the heat source. Thus, constant temperature and a heat 
balance are maintained. 


316. The Boiling Temperature Is The Temperature At 
Which The Pressure Of The Saturated Vapor Equals The 
Pressure Existing Outside Of And Imposed On The Surface 
Of The Liquid.—This pressure is, when the vessel is wide 
open to the air, the atmospheric pressure. When the vessel 
is closed, the pressure is that due to the liquid vapor (usually 
steam) in the vessel plus the pressure of the air or any other 
gas which may be present. 


ExAMPLE.—When a steam boiler is first placed in operation and has 
air in its steam space, the air pressure imposed on the water surface may 
be considerable (up to atmospheric pressure). 
jay sine dlls But after the boiler has been operated for a short 
Pe time, practically all of the air is displaced and the 
Yypor Pressure Pressure then imposed on the liquid surface is due 
Insiole Bubble; almost wholly to the vapor pressure of the liquid. 
fs ExpLanation.—As stated previously, the forma- 
tion of vapor bubbles is the visible manifestation 
of and is essential to boiling. Now it is evident 
that the vapor pressure of the vapor (Fig. 305) 
within each bubble must (disregarding the small 
additional impressed pressure due to the thrust of 
the liquid itself) be the same as the pressure—often 
the atmospheric pressure—which presses on the 
: Baling? surface of the liquid. The inside vapor pressure 
roe Water and the outside impressed pressure must exactly 
“Flame | equal each other—otherwise the bubble would 
collapse. Now (Sec. 315) a certain definite tem- 

Fia. 305.—Vapor pres- ' . 3 
sure within steam bubble Perature is required for the production of each 
equals pressure imposed Vapor pressure. Therefore it is evident that 
on outside of bubble. bubbles cannot form until the temperature of the 
liquid is such that the pressure which its vapor 
exerts is exactly equal to the impressed pressure. Hence, the boiling 
temperature of a liquid—the temperature of bubble formation—must 
be that temperature at which the vapor pressure equals the impressed 

pressure. 


OF 


stan \() 


Src. 317] VAPORIZATION 287 


317. The Effect Of Change Of Pressure On The Boiling 
Points Of Liquids (See Table 318) will now be considered. 
If a boiling liquid is subjected to additional pressure, the 
boiling will cease and the temperature will again rise as the 


600) 


i~ 
= 


Pressure In Pounds Per Sq, In. 
aS 


0 50 100 150 a) 300 550 40 450 500 
Boiling Temperature In Deg. Fahr. 


Fie. 306.—Graph showing relation of boiling temperature of water to pressure. 


application of heat is continued. Ultimately, a new tempera- 
ture—which corresponds to a new pressure—will be attained 
at which boiling will again commence. The greater the pres- 
sure the greater the boiling point (ig. 306) and vice versa. 


ExamMpLe OF Tur Errect On Bortina Temperature OF INcREAS- 
ING Tub Pressure.—In Fig. 307, heat isimparted to waterin A. There- 
by the water in this cylinder is boiled. In the end of the cylinder fits a 
piston, P, which has sufficient weight to maintain a pressure of about 
5 lb. per sq. in. gage within the cylinder. The sliding piston maintains 
the pressure constant. When the heating is begun, the piston rests on 
the surface of the cool water and the thermometer, 7’, indicates a low 
temperature—the temperature of the cool water. As the heating is 
continued, the temperature rises to about (see steam table, Sec. 394) 
228° F., which corresponds to a pressure of 5 lb. per sq. in. At this tem- 
perature boiling commences. No further rise in temperature is indi- 
cated by the thermometer nor does the pressure, as shown by the gage, 
G, increase. But as the vapor which is projected from the boiling water 
collects above it, more and more space is required by the vapor. This 
pushes the piston up in the cylinder until, if permitted to continue, it 
would force the piston out of the top. But the pressure and temperature 
remain constant. 
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Now, suppose that after the boiling, as shown in A, has continued for 
a time, the pressure within the cylinder is so increased by the addition 
of weight, W, that the gage will indicate constantly 10 lb. per sq. in. 


Boiling Point At 10 Lb. Pressure(Readls 240 )., 
Bolling Point At 5 Lb. Pressure(Recas 228 dy 


Open lo 
Wooolen Ler Atmosphere 


Colo Water 


Condensing 
Steam 


Boiling 
Wafer 
At ISO" F->---- 


Stove Wass care 


T-Water Boiling M 212 Deg. Fahr. I-Water Boiling At 180° Deg. Fahr . 


Fic. 308.—Experiment proving that the boiling point decreases as the pressure is 
decreased. 

Immediately, the piston, which it will be assumed is resting half-way up 

in the cylinder, will be forced down. ‘This reduces the volume of the 

vapor and, hence, increases its pressure. Due to this increased pressure, 
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boiling at once ceases—there will be no vapor bubbles in the liquid in B. 
But, if the heating of B is continued, ultimately the new boiling tem- 
perature of about 240° F. (see steam table), which corresponds to the 
new pressure of 10 lb. per sq*in., will be attained as shown at C. Then, 


Gorge Pressure 
Mlb. Per yee 
Tr ~~-- Worter 
‘Jemperature 
[ore i 


SL RRR ERA BEERS 
Po Qe 


s 


Boiling Temperature In Degrees Fahrenhelt 


9 , LO A 
Height In 


Fia, 310.—Graph showing variation of boiling temperature of water in accordance with 
variations of altitude above sea level. 


the piston will again commence to rise as the boiling once more starts. 
Again, under these new conditions, the new temperature and the new 
pressure will remain constant. 
EXAMPLE Or Tue Errect ON Boritine TEMPERATURE Or DiecrBASING 
Tue PressurRE.—First, the water in the flask F (Fig. 308) is boiled. 
19 
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Then the flask is removed from the flame, corked, and inverted as at G. 
The temperature of the hot water in the flask soon falls to below 212° F. 
and the boiling ceases. But if now some cold water be poured over the 
flask, as shown, the water in the flask will commence to boil again. The 
cold water by condensing the steam in the flask decreases the impressed 
pressure. ‘Thereby the water in the flask boils at a temperature lower 
than 212° F. But when sufficient vapor has been evolved in the flask to 
produce the vapor pressure which corresponds to the new lower tem- 
perature, the boiling ceases. This process of boiling and condensation 
may be repeated many times at successively lower temperatures, without 
reheating, by repeated water applications. 


ExamMpLe.—Water in a steam boiler, under ordinary atmospheric 
pressure, or 14.7 lb. per sq. in., boils (Table 318 or any steam table and 
Fig. 306) at 212° F. When the water has vaporized into steam until 


Steam 
Pressure 


| 
Hy! 


1 
| 
| 
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| 
| 
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RA 


“Vessel Jo Contain Substances 
Jo Be Cooked 


Fig. 311.—Pressure steam cooker. (Boiling of the water in the tightly-closed 
vessel generates steam, which is not permitted to escape. The steam increases the 
pressure within the vessel and thus raises the boiling point.) 


(Fig. 309) a pressure of 100 Ib. per sq. in. gage is attained, the boiling 
temperature is then, as shown by any steam table (Sec. 394) 328° I. 


ExamrLes.—Water in an open vessel will boil on the top of a high 
mountain at a much lower temperature (Table 319 and Fig. 310) than at 
sea level. This is because of the lower atmospheric pressure (Sec. 9) 
at the high altitude. It requires a long time to cook eggs or vegetables 
by boiling on a high mountain top because of the low boiling tempera- 
tures at high elevations. This difficulty may be overcome by boiling 
the food in a closed vessel or in a pressure cooker (Fig. 311) whereby 
the boiling point of the contained liquid is raised by the self-generated 
internal pressure, 
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318. Table Showing Boiling Temperatures Of Water At 
Various Pressures. (Irom Marks and Davis’ Stream TaBuEs.) 


op Sih i 2Pressure, in lb. per 
eee Be ret mae WR Gslinge serie sq. in. Boiling tem- 
POEL SG ULIEG oedema e perature, in 
Absolute | Gage eo Oe Absolute Gage dear ae: 

1 (= Bee 101.8 100 85.3 327.8 

5 |— 9.7 153.0 150 1535}, 358.5 

10 liz 4.7 193.2 200 185.3 381.9 

14.7 0.0 212.0 250 235.3 401.1 

15 0.3 213.0 300 285.3 417.5 

25 TOs 240.1 400 385.3 444.8 

50 35.3 281.0 500 485.3 467.3 

75 60.3 | 307.6 600 585.3 486.6 


* Absolute Pressure = Gage Pressure + 14.7. Gage Pressure = Absolute Pressure — 
14.7. The eqtfations are true only when the pressures are expressed in pounds per 
square inch. See Sec. 18 for equations and explanation. 


319. Table Showing Average Boiling Temperatures Of 
Water At Various Altitudes Above Sea-level. It should be 
understood that, at any elevation, the barometric pressure 
varies from time to time. At all times, the actual boiling 
point of water is that corresponding to the atmospheric or 
barometric pressure and may be accurately found in any 
steam table (Sec. 394). 


Boiling Boiling 
tempera- | tempera- 
Altitude, in feet ture, in Altitude, in feet ture, in 
degrees degrees 
Fahrenheit | Fahrenheit 
| 
| 
—= — == = os 
—1,316 (Dead Sea)......... | 214 ApEBO Sante Peace ne ce 204 
Sg OND ai talNaNe cranes viebeioe auelate 213 OHS Datta Aika penichete shane 202 
OSes, level) ec ejajaeccexa6 | 212 6,250 (Mt. Washington)... 200 
GLO aati heeseeartatense a 211 SHOGOh ne eiatetnrcnencr ree eerie 195 
We O20 Ratt se tereteietavacs ests 210 iat Ber UEP oe ncenry eat sent OA ere 190 
AOSD oF arereverer vic tasieewaus aa siene 209 15,650 (Mont Blanc)....... 184 
2 OG OM reine seielais ei cancnnvererest > 208 17,837 (Himalayas)........ 180 
BOSS aevraeiaianysitscs orto seers 206 
i 
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320. The Boiling Temperature Of A Liquid Which Holds 
Another Substance In Solution may be either above or below 
the boiling temperature of the pure liquid. If the dissolved 
substance is a solid, the boiling temperature will be higher 
than that of the pure liquid. But if the liquid holds a gas or a 
more volatile liquid in solution, the boiling temperature will 
be lower. 


ExampLye.—When a quantity of water (A, Fig. 312) has dissolved 
(Table 321) as much salt as it can possibly hold in solution the boiling 


2 Thermometers 


Boiling 
Points. 


Bolling 
~~Point 


ling Point 
Baling valy § Containing  |* 
Vk ¢ Carbon Dioxiole i 
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Worter i 


ere Nes aes 


Bubbles ; 


Pure ! ; = 
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Saturation ~Bubble. 
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! F Z “Lamps > 
Ga rae 
UTP OL WNW YP 


LEILA 
Fia. 312.—Illustrating the elevating Fra. 313.—Illustrating the de- 
effect of a dissolved solid on the boiling pressing effect, of a dissolved gas, on 
point of a liquid substance. the boiling point ofa liquid  sub- 


stance. (Steam bubbles only rise 
from the pure water whereas both 
steam and carbon dioxide bubbles 
rise from the solution.) 


temperature at atmospheric pressure of the resulting brine (B, Fig. 312) 
will be about 227° F. When a quantity of water (C, Fig. 313) holds 


carbon-dioxide gas in solution, the boiling temperature of the solution 
(D, Fig. 313) will be less than 212° F. 
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321. Table Showing Boiling Temperature Of Brine At 
Different Degrees Of Saturation—Computed from SmrrH- 
SONIAN TABLES. 


Units by weight of salt to 100 units Temperature, deg. Fahr. 
of water 
6.6 212 
12.4 215.6 
3 217.4 
21.5 219.2 
25.5 221 
33.5 VPA (8) 
40.7 227.8 


322. Thé Latent Heat Of Vaporization is, generally speaking, 
the heat which is (Sec. 106) required to change a liquid at a 
given temperature into a vapor at the same temperature. 
A very great quantity of heat is necessary to effect vaporiza- 
tion although no temperature change occurs. Specifically: 
The latent heat of vaporization of a liquid is the number of 
B.t.u. (Table 323) which is absorbed and necessary—to change 
1 Ib. of the liquid into vapor at the same temperature and pres- 
sure. (Refer to Sec. 289 for a discussion of latent heat of 
fusion which is a somewhat similar property.) See preceding 
explanation (Sec. 104) of how the heat expended in vapor- 
ization is largely employed in doing disgregation work—but 
some of the heat may also be expended in doing external 
work as is there explained. 

Exampie.—Consider a closed vessel (Fig. 314) which has an escape 
valve, V, so adjusted that any vapor generated within the vessel will 
pass out at precisely the requisite rate to preserve a constant absolute 
pressure (Sec. 15) within the vessel of 14.7 lb. per sq.in. This is equiva- 
lent to 0.0 lb. per sq. in. gage pressure (Sec. 16). Exactly the same condi- 
tions would obtain if the vessel were located at the sea level (Sec. 9) 
and were open to the atmosphere. 

Now, 1 lb. of water at 32° F. is placed in the vessel. It is heated with 


the spirit-lamp, L, flame. The mercury column in the thermometer will 
rise gradually until 180 B.t.u.—MN, Fig. 315—of heat (vibration heat) 
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have been imparted to the liquid. The thermometer will then read 212° 
F. (Each B.t.u. will raise the temperature of the 1 lb. of water 1° F. 
Tero Gave PressuesTlb er Hence, 180 B.t.u. will increase it by 180° i 
Sqn. Absolute Pressure. Therefore, the resulting temperature will be 32 


Ge +180 = 212°F.) This increase in temperature 
Sects, 
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Fie. 314—Vaporizing Fie. 315.—Illustrating latent heat of vaporization 
water under constant of 1 Ib. of water. 


pressure. 


isshown by AB in Fig. 315. The increase in temperature is due to 
vibration work (Sec. 97) which has been done by the heat on the water. 

When the water temperature attains 212° F. the imparted heat will 
commence to do disgregation work (Sec. 98) and the water will commence 
to boil—vaporize—because the boiling point of water at atmospheric 
pressure (14.7 lb. per sq. in.) is 212° F. Now as the lamp, Z, continues 
to impart heat to the water, the heat will continue to do disgregation 
work and vaporization will continue. That is, steam will start forming 
when the water temperature first attains 212° F. and its formation will 
continue so long as heat (disgregation heat) is being imparted to the 
water. But while this vaporization ensues the temperature of the water 
will not rise above 212° I’. (BC, Fig. 315) in spite of the fact that heat is 
being added continually to the water. The thermometer will stand 
stationary at the 212° mark until the water has been entirely changed 
into water vapor or steam. ‘This is indicated by the line BC in Fig. 
315. There will be required, so repeated experiments show, 970.4 B.t.u. 
(NO, Fig. 315) to change the 1 lb. of water at 212° into 1 lb. of steam at 
PANE 

The heat required (970.4 B.t.u. in this case) to change 1 1b. of the liquid 
at boiling temperature into vapor at the same temperature is the latent 
heat of vaporization of the liquid. 

If the heating is continued, at the instant the last trace of the original 
1 Ib. of water flashes into steam, the thermometer mercury will begin to 
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rise. ‘The temperature rise will be due to the heat—vibration heat— 
which is absorbed by the steam and which will now manifest itself partly 
as vibration work (Sec. 97). That is, the steam becomes superheated 
(Sec. 356). 

ExpLaNATION.—Although the thermometer in Fig. 314 indicated no 
temperature rise while the vaporization was in progress, heat was, never- 
theless, being transmitted continually from the flame to the water. 
But the energy of this latent (Sec. 106) or apparently inactive heat was 
spent partly in the work of disintegrating the molecular structure of the 
liquid molecules and in building up the new vapor-molecule structure 
(disgregation work, Sec. 98) and partly in expanding the molecules 
against external forces—the atmospheric pressure in this case (external 
work, Sec. 99). Therefore, this latent heat resides in the vapor in the 
form of potential molecular energy. It is transformed into the potential 
energy (Sec. 25) of position which the vapor molecules possess by virtue 
of their increased distance from one another. This phenomenon is 
similar to that of latent heat of fusion (Sec. 289) and is present in the 
vaporization of all substances. 

ExamPLe.—How much heat will be required, at atmospheric pressure, 
to vaporize 10 lb. of mercury which is at a temperature of 40° F.? 

SotuTion.—From Table 314, the boiling or vaporizing temperature 
of mercury is 675° F. From Table 90, the average specific heat of mer- 
cury is 0.033. Therefore, the heat necessary to raise the temperature of 
the 10 lb. of mercury from 40° F. to its vaporizing temperature is: (675 
— 40) X 10 X 0.033 = 218.6 B.t.u, From Table 323, the latent heat of 
vaporization of mercury is 122 B.t.u. per lb. Therefore, to vaporize 
the 10 lb., there would be required: 10 122 = 1,220 B.t.u. Hence, 
the total heat necessary to raise the temperature and vaporize would be: 
218.6 + 1,220 = 1,488.6 B.t.u. Note that the greatest part of the total 
heat is necessary to effect vaporization and that comparatively little is 
used in raising the temperature of the mercury to the vaporizing point. 

ExampLe.—How much heat will be required to: (1) Convert into 
water, a 201.5-lb. block of ice which is at 29° F.; (2) Raise the temperature 
of the resulting water to the boiling point at atmospheric pressure; (3) 
Vaporize the water under atmospheric pressure? 

SoLutTrion.—In an example under Sec. 292 it is shown that 29,186 
B.t.u. are necessary to convert the 201.5 lb. of ice into water at 32° F., 
which is the melting temperature of ice. Now, from Table 90, the mean 
specific heat of water is 1.0. Also, from Table 314, the vaporizing tem- 
perature of water at atmospheric pressure is 212° F¥. Therefore, to raise 
the 201.5 Ib. of water to the vaporizing temperature there would be 
required: (212 — 32) X 1.0 X 201.5 = 36,270 B.t.u. Since, the latent 
heat of vaporization of water at atmospheric pressure is (Table 323) 
970.4 B.t.u. per lb., to vaporize this 201.5 lb. of water, there would be 
necessary: 201.5 X 970.4 = 195,536 B.t.u. Then, the total heat 
expenditure for melting the ice, raising the temperature of the water and 
vaporizing it is: 29,186 + 36,270 + 195,536 = 260,992 B.t.u. 
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Norr.—Tue Latent Heat Or Varorization Or A Liquip Druin- 
isHEs As Tur TrmMpErATuRE AND Pressurn, UNnprr Wuicu THE 
VaporizATION Occurs, INcrEASE.—It disappears entirely when (Sec. 
349) the critical temperature and pressure are reached. See the vapor 
tables in Div. 11 for values. 


323. Table Of Latent Heats Of Vaporization At Atmospheric 
Pressure. (Marxks’ MercuanicaL ENGINEERS’ HANDBOOR) 


Latent heat Latent heat 
Material a a Material we Ls rae 
zation, 1n zation, In 

B.t.u. per lb. B.t.u. per lb. 
ACetOne haere ees 233 Hydrogen....... 222 
‘Alcohol’ Rae acene eee 385 Methyl chlorine... 175 
ANTINe., Wim atenerees ne 198 Merce 122 
Benzolaweaen cer ee 169 Nitrogen........ 81.5 
Carbon bisulphide..... . 152.5 Oxy genGiee meer 92 
Chiorineeemeeecornn a te 112 Sulp ln see 650 
Chil onoloriienn niet 110 Turpentine...... 126 
Hither tance a cee 162 Water aaac scarce: 970.4 


324. The Latent Heat Of Steam is the latent heat of vapori- 
zation (as defined above) of water and is equal to 970.4 B.t.u. 
at atmospheric pressure—14.7 lb. per sq. in. absolute—and 
the corresponding temperature of 212° F. See steam table 
394 for other temperatures and pressures. 


325. The Latent Heat Of Vaporization May Be Divided 
Into Two Parts: (1) Heternal latent heat of vaporization. 
(2) Internal latent heat of vaporization. Both are defined 
below. Both of these latent heats are stored in the vapor 
and are given out when the vapor is condensed under the same 
external conditions as those under which it was vaporized. 
Values for these two heats, for the common vapors, are given 
in the tables in Div. 11. Thus: 


(241) L=I:+L, (B.t.u. per lb.) 
Wherein: L = latent heat of vaporization, that is, the total 


latent heat of vaporization, in British thermal units per pound. 
L; = external latent heat of vaporization, in British thermal 
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units per pound. L; = internal latent heat of vaporization, 
in British thermal units per pound. 

326. The Internal Latent Heat Of Vaporization, L,, is the 
disgregation heat which must be added to the liquid to vaporize 
it, or which is given up by the vapor when it is liquefied. It 
is the heat energy which is expended in the internal work of 
overcoming the molecular cohesion of the liquid molecules 
which is necessary to change them into vapor molecules. 
It is the increase in internal heat energy which accompanies 
vaporization. As is shown by the values in the tables of 
vapor properties in Div. 11, the internal latent heat of vapori- 
zation decreases as the temperature, at which the vaporization 
occurs, increases. This is because the higher the temperature 
the more rapidly the molecules -will be vibrating and the 
further they will be apart; hence, less heat will be required to 
disgregate into a vapor a liquid at a high temperature than will 
be required for a liquid at a low temperature. 

327. The External Latent Heat Of Vaporization, Lz, is 
the external-work heat which must be added to the liquid to 
vaporize it or which is given up by the vapor when it is lique- 
fied. It is the heat energy which must be expended in over- 
coming the resistance of external forces to the increase of 
volume of a liquid substance, which is incident to its vaporiza- 
tion. It is equivalent to the mechanical work done by the 
substance in expanding from the liquid state to the vapor 
condition of the gaseous state. See explanation below. 


ExpLaNnaTION.—Consider a cylinder (Fig. 316) which has an internal 
sectional area of 1 sq. ft. and which is somewhat over 26.8 ft. high. 
The cylinder stands open in the atmosphere—which imposes on it an 
absolute pressure of 14.7 lb. per sq. in. Suppose that 1 lb. of water 
at a temperature of 212° F. is placed in the cylinder, as at J. Now 
add heat and vaporize this 1 lb. of water. Experiment will show (see 
Steam Table 394 in Diy. 11), that it will require 970.4 B.t.u. (the latent 
heat of vaporization) to vaporize the 1 lb. of water at 212° F. into steam 
at 212° F. Now, the steam thus formed will, so experiment shows, force 
the air out of the cylinder J against the atmospheric pressure of 14.7 lb. 
per sq. in. (2,117 lb. per sq. ft.) and will exactly fill the cylinder—as in 
Fig. 316-J7—which has a volume of 26.8 cu. ft. 

The external work done, by the expansion of the water into steam, 
under atmospheric pressure, will be: Force « Distance 2,117 * 26.8 = 
56,376 ft.-lb. Now, this external work done by the steam in expanding 
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accounts for only a small part of the total latent heat of 970.4 B.t.u. 


which was expended in changing the liquid into a vapor. Thus: 56,736 
ft-lb. + 778 = 72.8 B.t.u. = external latent heat of vaporization, The 
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Fie. 316.—Showing external latent heat of vaporization converted into mechanical work. 


remainder: 970.4 — 72.8 = 897.6 B.t.u. = internal latent heat of vaporiza- 
tion and is heat which was expended in disgregation work. 

The external work done by the vaporization might be recovered if, 
(Fig. 316-77) a tight piston P is inserted in the cylinder and the 1 |b. of 
steam be cooled so that it will contract (condense) back into 1 lb. of 
water at 212° F. as at J/J—Fig. 316. Then the atmospheric pressure 
would force P down, lifting W. W, which weighs 2,117 lb., would be 
lifted 26.8 ft., because 2,117 X 26.8 = 56,736 ft.-lb.; all friction losses 
are here neglected. Thus the external work done during the vaporiza- 
tion would be recovered. ‘This is one of the principles the application of 
which renders useful a condenser (Sec. 513) on a steam engine or turbine. 


328. When A Liquid Is Vaporized, The Latent Heat Of 
Vaporization Required Therefor Is Abstracted From Sur- 
rounding Objects.—Thus vaporization is, in reality, a cooling 
process. The heat thus required may be taken from the 
flame of a lamp (Fig. 307) or from the flame of a coal fire under 
a steam boiler. Or, as explained in preceding Sec. 300, the 
heat may be drawn from the liquid itself, thereby cooling the 
liquid. This principle is utilized practically in a number of 
useful ways, the most important of which have been mentioned 
in Sec. 293. 
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329. When A Vapor Condenses, Its Latent Heat Of Vapori- 
zation Is Given Up To Surrounding Objects.—Condensation 
is defined and discussed briefly in preceding Sec. 162. Thus, 
when 1 lb. of vapor is condensed due either to increased pres- 
sure or decreased temperature or both, it releases the number 
of B.t.u. (Sec. 322) which is equivalent to its latent heat of 
vaporization. With a given pressure, condensation takes 
place at the same temperature at which vaporization occurs. 


Exampiy.—The heat given out (Fig. 317) by a steam-heating system 
(Div. 17) is almost wholly heat which is released by the condensation 
of steam in the radiators and then transmitted through their walls to 
warm the air of the room. 

ExampLre.—In condensers for steam power plants and other services, 
the steam or vapor is condensed by cooling it, usually with cold water. 
The latent heat of vaporization thus released is absorbed by the cooling 
water and raises its temperature. 

ExampiLe.—Closed tank K in Fig. 318 is of such size that it will contain 
exactly 1 lb. @f steam at 0.0 lb. per sq. in. gage pressure—or 14.7 lb. per 
sq. in. absolute pressure. That is, it will contain 1 Ib. of steam at atmos- 
pheric pressure. The tank is fitted with an story pie From Boller 
automatic air-inlet valve, B, or vacuum ena 
beaker which opens to the atmosphere at 
the precise instant necessary to prevent 


910 Btu. Given OFF gs 
Per Ib. OF Steorn eee Te 


Alr Inlet Verve Or Vacuum Breaker. 


S Worter Leaves At 212°F......--0" “ 
“~-Steam Heating Rodciator 


Fic. 317.—Showing heating with steam radiator Fia. 318.—Condensing steam 
through latent heat of vaporization. at a constant pressure. 


formation of a partial vacuum by condensation of the steam. Thereby, 
the pressure within K is prevented from falling below 14.7 lb. per sq. in. 

Now, 1 lb. of steam is admitted to K. The temperature T’, of this 
steam, as shown by the steam table, is 212° F. The steam begins to cool. 
It gives up heat to surrounding objects as indicated by AB in Fig. 319. 
Immediately some of the steam condenses to water at 212° F. But the 
temperature of the remaining steam stays constant, as indicated by 
line AB, until 970.4 B.t.u. has been given up: The latent heat of steam 
at atmospheric pressure is 970.4 B.t.u. The remainder of the steam 
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condenses gradually. When exactly 970.4 B.t.u. have been given up, all 
of the steam will have condensed to water. 

If heat be further abstracted from the water (BC, Fig. 319), its tem- 
perature will be decreased correspondingly. When 180 B.t.u. have been 
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Fia. 319.—TIllustrating latent-heat phenomenon in condensation of 1 lb. of steam. 


abstracted, the temperature of the water will then be 32° F. This 
condensation process is just the reverse of the vaporization process 
which is described in connection with Figs. 314 and 315. 


330. Atmospheric Air Contains oxygen, nitrogen, a little 
carbon dioxide, traces of other rare gases, and water vapor. 
The air is, therefore, a mixture of gases and water vapor. 
The water vapor is in the air principally as the result of evapora- 
tion from the surfaces of rivers, lakes, ponds, and from ‘‘moist”’ 
objects. The water vapor in the air is not, usually, in the 
saturated state. That is, the air can usually be cooled or 
compressed somewhat before the moisture (water vapor) in 
it is condensed. The term hwmidity is used to describe the 
condition of air which contains water vapor; see following 
section. 

331. Atmospheric Humidity may be expressed in two differ- 
ent ways: (1) The absolute humidity (Table 332) which expresses 
the total weight of water vapor in a unit volume of air. (2) 
The relative humidity, which expresses the ratio which exists 
between the weight of vapor actually present in a unit volume 
of air to the weight that would be present if the vapor were 
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saturated at its actual temperature. This ratio is commonly 
denoted as a percentage of complete saturation. 

332. Table Showing Absolute Humidities Or The Weights, In 
Grains Per Cubic Foot, Corresponding To Different Tempera- 
tures And Percentages Of Relative Humidity Of Aqueous 
Vapor In Atmospheric Air. 


, Percentage of relative humidity 
Air tempera- 


ture, in deg. 


2 
aaa 10 %|20%|30%| 40% | 50% | 60% | 70% | 80% | 90% | 100% 
| 

—20 0.017|/0.033)0.050) 0.066] 0.083) 0.100) 0.116) 0.133] 0.149) 0.166 
—=1 4) 0.028/0.057\0.086) 0.114| 0.142) 0.171) 0.200) 0.228] 0.256] 0.285 
0 0.048/0.096/0.144| 0.192} 0.240) 0.289} 0.337) 0.385] 0.433) 0.481 

10 0.078|0.155)0.233) 0.310) 0.388} 0.466) 0.543) 0.621] 0.698) 0.776 
20 0.124/0.247/0.370| 0.494) 0.618] 0.741] 0.864] 0.988] 1.112) 1.235 
30 0.194/0.387/0.580) 0.774) 0.968) 1.161) 1.354) 1.548) 1.742) 1.935 
40 *0).285)0 570\0.855| 1.140} 1.424] 1.709} 1.994] 2.279] 2.564) 2.849 
50 0.408|/0.815/1.223) 1.630] 2.038] 2.446] 2.853] 3.261] 3.668] 4.076 
60 |0.574|1.149]1.724| 2.298] 2.872) 3.447] 4.022] 4.596] 5.170] 5.745 
70 0.798/1.596/2.394| 3.192) 3.990) 4.788] 5.586) 6.384] 7.182] 7.980 

| 

80 1.093/2.187|/3.280| 4.374) 5.467) 6.560) 7.654|.8.747) 9.841/10.934 
90 |1.479|2.958|4.437| 5.916] 7.395) 8.874/10.353/11.832/13.311|/14.790 
100 1.977|3.953|/5.930| 7.906) 9.883/11.860)13.836/15.813)]17.789)19.766 
110 2.611/5 2227 .834 10.445 13, 056/15. 667) 18. 278/20.890/23. 501/26. 112 


Nore.—tThe above table is an abstract from PsycHRomMETRiIc TABLES 
by C. F. Marvin, published by the U.S. Weather Bureau, Washington, 
D. C., as Bulletin No. 235. 


333. Humidity Of The Atmosphere is that condition of 
atmospheric air wherein it is more or less permeated with water 
vapor. Humidity is a universal and necessary attribute of 
the earths’ atmosphere. Atmospheric air in one locality may 
be many times less humid—contain less water vapor—than 
in another. But nowhere will it be found entirely without 
water vapor. The humidity varies with the temperature. 
The cool air at the summit of a mountain is, generally, much 
less humid than the comparatively warm air in the valley at 
the mountain’s base. 


Norr.—Existence Or A Proper Amount Or WatsrR Varor IN THE 
ATMOSPHERE Is EsspntiAL to comfortable and hygienic living conditions, 
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both for plants and animals. For human beings, too much humidity 
is about as uncomfortable as too little. When the humidity is too low, 
one experiences a dry parched feeling. When it is too great, the “sticky”’ 
sensation, which occurs on damp hot days, is felt. In winter when the 
natural humidity within buildings is low due to the low humidity out of 
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Fie. 320.—Cross section showing humidifying apparatus, or ‘‘humidifier,’’ in air 
duct of ventilating system. (When the humidity becomes low, the humidostat, which 
is located in a room above, admits air pressure to diaphragm-valve A, thus opening 
steam valve, S.) 

Fia. 321.—Elementary air drier for blast furnace. (Ammonia is compressed in A, 
condensed in C, and allowed to expand into B. Brine is circulated through B and T. 
Air is sucked by F through T, wherein it is cooled below the dew point, and the condensed 
vapor is removed, as water, by baflles.) 


doors and the drying effect of the heating systems, the deficiency may be 
supplied (Fig. 320) by a humidifier. In certain manufacturing processes 
a definite humidity is quite necessary. A suitably-designed humidifier 
will provide it. In other processes, for which dry air is required, the 
moisture may be removed by a dehwmidifier, or air drier (Fig. 321). 


334. Relative Humidities May Be Determined By Means Of 
The Sling Psychrometer (Fig. 322) or wet-and-dry-bulb 
thermometer. The utility of this instrument is based upon 
the principle (Sec. 300) of cooling by evaporation. Evapora- 
tion of moisture from the muslin cloth which envelopes the 
bulb of thermometer A produces a cooling effect thereof which 
causes thermometer A to give alower reading than thermometer 
B, the bulb of which is exposed directly to the air. 


ExpiLanation.—The muslin which envelopes the wet bulb (Fig. 322 
is thoroughly saturated with water. The sling psychrometer is then 
whirled rapidly through the air for about one minute. This is to insure a 
rapid penetration of air among the fibers of the cloth around the wet 
bulb. 

The difference between the indications of thermometers A and B is then 
noted. The one with the wet bulb will, generally, show a lower reading 
than the one with the dry bulb. This is due to the fact that, in general, 
the vapor in atmospheric air is not saturated, When there is no differ- 
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ence between the readings of thermometers A and B, the water vapor 
which is intermingled with the air is fully saturated. 

The psychrometer is based on the law of evaporation (Sec. 
298) that the rate of evaporation is greater into dry air than 
into air which contains vapor. The whirling of the ther- 
mometers causes the water on the wet bulb to evaporate 
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Fie. 322.—A sling psychrometer. 


rapidly. The evaporation cools (Sec. 300) the thermometer 
and the water around its bulb. Evaporation and cooling 
continue until the water is cooled to the temperature at which 
its vapor pressure is just sufficient to keep driving off vapor 
molecules at a constant rate. 


Now it can be shown that the relative humidity of the air is a function 
of the temperature-difference indicated by the wet- and dry-bulb ther- 
mometers of a sling psychrometer. Hence, when the temperature- 
differences are known, the corresponding relative humidities may be 
determined by consulting Table 335. 

EXxAMPLE.—Suppose that air at a temperature of 70° F. is drawn into a 
building through the ventilating ducts. Also, suppose that a humidity 
test, made with a sling psychrometer (Fig. 322), shows a temperature 
difference, between thermometers A and B, of 17° F. Then, by Table 
335, the relative humidity is 30 per cent. This value is found in the 
same horizontal row with 70, which is the given air-temperature, and in 
the same vertical row with 17, which is the given psychrometer-difference. 
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335. Table Showing Relative Humidities, In Per Cent., 
Corresponding To Various Wet- And Dry-bulb Temperature 
Differences (accurate for an atmospheric pressure of 14.25 
lb. persq.in. = 29-in. barometer). 


Temperature-difference, in degrees Fahrenheit, 
between wet- and dry-bulb thermometers 
Air temperature, in des. 
Fahr. 
| O | 1) 2) 3) 4) 5) 6 7) 8} 9/10/11/12)13)14)15)16)17/18)19)/20 
| 
32 100|90|79|69|60|50)41/31 22)13) 4) 
34 100/90)81/|72|62)53)44/35)27|18] 9) 1 
36 100|91/82/73) 65) 56)/48/39|/31|23)14) 6) O 
38 100/91/83)75|67|59|51/43|35)27|19)12) 4 
40 100|92|84)76 68|61/53|46 38/31 23/16 9} 2) 
42 100)92|85)77|70) 62] 55|48/41|34|/28/ 21/14) 7| 0 
44 100|93)85)78|71)64)57|51)44/37)/31/24/18)12| 5) 0 
46 100|93)86|79172|65|59|53)/46)40/34|28/22/16/10} 4) 0 
48 100|93/87|80|73)]67|60/54|48)42/36/31/25)19|14) 8| 3] 0 
60 100/93|87|81/74|68|62)56|50/44/39/33/28 22 17/12 7| 2) 0 
52 100/94/88|81|75/69|63]58|52/46/41/36|30/25/20/15/ 10] 6) 0 O 
54 100|94|88/82]76]70|65/59|54/48/43/38/33)28/23/18/14] 9| 5) 0} 0 
56 100)94|88/82)77|71)66/ 61/55) 50/45}40/35)31/26/21/17/12| 8} 4] 0 
58 100|94/89|83)77)72|67|62|57| 52/47 /42/38|33/28/24|20}15|)11) 7| 3 
60 100/94|89)| 84/78) 73/68/63 /58/53/49|44|40 35/31 27/22/18/1410) 6 
62 100|94/89|84|79]74169]64|60/55/50]46|41/37/33/29/25)21|17/13) 9 
64 100/95/90|85}79}75)70)66)61)| 56] 52}48/43|39|35/31) 27/23) 20)16/12 
66 100|95|90/85)/80}76)71166]62)58}53)/49|45|41|37 33)29 26/22)18)15 
68 100/95]90/85|81|76]72)67| 63) 59] 55/51/47|43/39|35/31/28|24/21|17 
70 100)95| 90/86) 81|77|72|68/|64| 60/56/52) 48) 44|40/37/33/30 26/23 20 
72 100/95/91|86/82/78]73|69/65|61|57|53}49|46]42/39/35/32) 28/25/22 
74 100)95)91/86/82/78|74]70)/66]62|58/54/51|47|44/40/37|34|30)/27 |24 
76 100|96/91/87|83/78|74|70|67| 63) 59)55|52}48/45/42/38135|32|29|26 
78 100/96|91|87|83/79)75|71/67|64| 60) 57| 53| 50/4.6|43) 40]37/34/31|28 
80 100|96|91|/87/83| 79 76)72|68 64|61|57/54/ 51/47/44 41/38/35/32/29 
82 100|96)92/88/84|80|76|72|69)|65| 62/58] 55] 52/49|46|43140/37/34|31 
84 100/96}92/88)84|80)77/73|70/ 66) 63)59| 56) 53/50|47/44/41/38/35/32 
86 100/96/92|88|85|81]77|74|70| 67/63) 60) 57|54/51/48/45/42/39| 37 |34 
88 100/96/92/88/85|81|78|74/71/67|64|61|58) 55/52/49|46]43/41/38/35 
90 100/96) 92/89|85|81/78) 73/71) 68|65/62\59' 56/53 50/47/44/42.39 37 
92 100)96/92)89/85)82|78)75!72)69|65)62) 59) 57|54/51)48145)/43/40/38 
94 100}96}93/89|86|82|79)|75/72|69) 66 63) 60)57/54.)52|49146/44|41/39 
96 100/96/93/89|86|82|79|76/73|70/67|64|61)58|55|53/50|47/45/42140 
98 100}96/93)/89|86/83/79|76|73)70\67/64/61) 59|56|53/51/48/46/43)41 
100 100|96/93 | 90/86|83 | 80|77|74/71|68/65 | 62\59/57\54/52/49|/47\44 42 
102 100/96/93]90|86/83}80|77)/74|71|68/65)|63)60|57|55/52150/47|45/43 
104 100)}97|93)90)87|84)80|77)74|72| 69|66|63)\61/58|56)53/51/48/46/44 
106 100/97 94/90 87|84/81|78/75|72) 69|66|64|61|59|56|54/51/49)47/45 
| 


Nors.—Tur Asove Tasun Is An Apsrract From PsycHROMETRIC 
Tastes by C. F. Marvin, published by the U. 8. Weather Bureau, 
Washington, D. C., as Bulletin No. 235. 
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336. Relative-humidity Determinations Are Of Much 
Practical Importance.—Forecasts of probable rain or frost 
are based by weather-bureau experts on relative-humidity 
observations. In many greenhouses the humidity is mea- 
sured regularly. It is then systematically maintained at 
such values that the plants will thrive. In industrial, office, 
amusement, hospital, and residence buildings measurement 
and control of humidity may be desirable or necessary. In 
such buildings, the relative humidity should be about 50 
to 60 per cent. In certain industrial operations lower or 
higher relative humidities are frequently necessary and are 
maintained. 

337. Low Relative Humidity In Inhabitated Buildings 
Causes Colds And Wastes Fuel.—‘Dry” air affects the 
respiratory organs adversely. Also, when the air is “dry” 
the evaporation of perspiration is rapid. The skin is cooled 
accordingly. Hence, with two rooms at the same tempera- 
ture, a person will feel much warmer in the one wherein the 
humidity is high than in the one in which it is low. The fuel 
waste thus due to low interior humidities is estimated to 
be from 12 to 25 per cent. 


Nore.—Minurkan AnD GaLe Strate that ‘‘The average home that is 
heated to 72° F. by steam or hot water is estimated by health authorities 
to have a relative humidity of 30 per cent. With hot-air heating, it may 
be 25 per cent. ‘This is less than the average humidity of extensive 
desert regions. 

338. A Psychrometric Chart (Fig. 323) provides a means 
for determining graphically the relative and absolute humidi- 
ties of atmospheric air and for solving many problems is air 
conditioning—that is, in regulating the temperature and 
humidity of the air. 

EXAMPLE.—If, in a room, the wet-bulb and dry-bulb temperatures are, 
respectively, 74 and 85° F., what are the relative and absolute humidities? 
So.ution.—Following vertically upward from the dry-bulb temperature 
of 85° F. to the inclined line representing a wet-bulb temperature of 74° F.. 
the relative humidity is found to be 60 per cent. Also, following upward 
from 85° F., mark on the lower scale to the curve Ff and then horizontally 
to the left to the scale F, it is found that saturated water vapor at 85° F. 
weighs 12.7 grains per cu. ft. Hence, the water vapor in air of 60 per 
cent. relative humidity at 85° F. will weigh: 0.60 X 12.7 = 7.6 grains 


per cu. ft. 
20 
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339. Dew, Rain, Hail, Frost, Sleet, Snow, Fog, And Clouds 
Are All The Result Of Condensation Of Moisture In The 
Atmosphere (the moisture or aqueous vapor is that produced 
by evaporation, Sec. 296). Which of these phenomena results 
is, as will be described, determined by the specific conditions 
under which the condensation occurs. 

340. The Dew Point is the temperature at which the water 
vapor in the atmosphere becomes saturated (Sec. 305) and 
will condense or deposit as drops of water or dew. 

Nore.—Tue Drew Point Witt Be Dirrerent For Dirrerent 
AssoLture Humupiries.—The greater the humidity the higher the dew 
point, The relative humidity at the dew point is always 100 per cent. 
As the temperature of atmosphere at 100 per cent. relative humidity 
decreases, there will be a certain condensation—production of dew—for 
each degree temperature decrease. But even if the air temperature is 
decreased to 32° F,—the freezing point of water—some moisture will 
remain in the air. 


341. Dew is formed when—at night—the temperature of a 
thin layer of atmosphere, which lies close to the earth’s surface, 
falls to the dew point. After the sun sets, the earth’s surface 
and the objects on it lose heat by radiation. Thereby they 
are cooled to a temperature lower than that of the main body 
of the atmosphere, which cools more slowly. But the tempera- 
ture of the relatively thin stratum of atmosphere (air and 
water vapor) immediately adjacent to the cooled earth’s 
surface and to the objects on it—such as plants, stones, and 
earth—is reduced to the dew-point or somewhat below. 
Thereby dew is formed and deposited on the objects. 

Norn.—‘Sweatine” Occurs Wynn Watnr VAror CoNDENSES on a 


cool surface which has reduced the temperature of the vapor to the 
dew point. Examples are the sweating of cold-water pipes in a warm 


Fie. 323.—Psychrometric chart (Barometric pressure—29.92 in. mercury column— 
reproduced by permission from the Carrier Engineering Corporation, Newark, N. J.) 
All temperatures are in degrees Fahrenheit. Dry bulb temperatures are represented by 
vertical lines with values indicated on lower edge of chart. Wet bulb temperatures are 
represented by oblique straight lines with values indicated on the lines. Dew point 
temperatures are represented by horizontal lines and their values indicated at the right. 
Percentages of relative humidity are represented by converging curved lines with values 
indicated between the oblique straight lines for 63° and 64° wet bulb temperature. 
Any two of the above properties may be found if the other two are known. First, find the 
point of intersection of the lines representing the given properties, and then follow 
through this point, the lines representing the unknown properties, and the values of the 
latter can be read from their respective scales, 
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humid room and that of the inner surfaces of window panes when it is 
warm and humid inside and cold outside. Essentially, sweating is a dew 
formation. Sweating can be prevented by causing a rapid circulation of air 
about the surface upon sweating tends to occur—the removal of the air 
(and vapor) from the cold surface is thus effected before its temperature 
has a chance to be cooled to the dew point. Sweating may also be 
prevented by covering the surface which tends to ‘‘sweat’’ with a heat- 
insulating (Sec. 114) material. This heat insulator will prevent the 
rapid transfer of heat from the warm vapor to the cool surface and thus 
minimize sweating. 

342. Frost is formed if the condensation, as described under 
“dew,” occurs upon a surface the temperature of which is 
lower than the freezing point of water. Windows become 
“frosted”? in winter, when the outside temperature is con- 
siderably below the freezing point of water. It may be 
prevented just as is sweating (see preceding note). 

343. Fog results if the cooling effect of the earth’s surface 
(see ‘‘dew”’ above) is sufficient to decrease to the dew point 
the temperature of a rather thick stratum of atmosphere which 
hes adjacent to the earth. The water vapor in the atmosphere 
then condenses on the dust particles which are suspended 
therein and forms a fog. 

344. Clouds result when, at a considerable distance above 
the earth’s surface, the temperature of a body of water vapor 
in the atmosphere is decreased to the dew point. This may 
occur when a current of warm air passes into a cold upper 
region: The water vapor condenses around suspended dust 
particles and forms clouds. 

Norr.—Rain is formed (Millikan and Gale) if the cooling is sufficient 
to free a considerable amount of moisture. Then the drops become large 
and fall. If this falling rain freezes before it reaches the ground, it is 
called sleet. If the temperature at which condensation begins is below 
freezing, the condensing moisture forms into snowflakes (Fig. 324). 
When the violent air currents which accompany thunder-storms carry 


the condensed moisture up and down several times through alternate 
regions of snow and rain, hailstones are formed. 


345. Distillation is the process of separating the more vola- 
tile parts of a substance, from those less volatile, by vaporizing 
and subsequently condensing. For a liquid, it is done (Fig. 
325) by first boiling the solution, B, and then condensing the 
resulting vapor in a separate vessel, C. By this means a 
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liquid may be freed from whatever solid substances (which do 
not vaporize at all) it may hold in solution. Or it may be 
freed from those liquid substances which vaporize at different 
temperatures (see fractional distillation, Sec. 346). 


Li -Colol Wafer 
sw “Jacket 


oR oiling 
Liguiol 


Condenseol---..__ et 
Vopor bi ioe et 


Ne ne lta 


Fie, 325,—Illustrating the principle of distillation. 


Exampiy.—The water which is fed to a steam boiler usually holds 
mineral substances in solution. ‘The water is vaporized by boiling. It 
is thus freed from the mineral substances. The water, in the form of 
steam, is conveyed from the boiler. The mineral substances, in the form 
of scale (Sec. 174), remain behind. ‘The steam may be condensed in the 
radiators of a heating system. ‘Then, provided there were no gaseous. 
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nor highly volatile liquid, substances in the solution which was fed to 
the boiler, pure water will be drained from the radiators. Thus the 
process of distillation will be completed. 

Nore.—WueEN Brine Or Saut-water Is BorEep, THe RESULTING 
Srram Conrarns No Saur.—Similarly, with many other liquid solutions, 
the vapor arising from the solution is free from the solid substances 
which were dissolved in the liquid. 


346. Fractional Distillation is the process of separating 
different liquid substances which have different boiling 
temperatures, from one another. When both or several of the 
liquid constituents of a solution are volatile, the vapors of both 
or of all will each issue from the solution at its boiling tempera- 
ture. (The boiling temperature of a solution of two or more 
liquids usually lies between the highest and the lowest boiling 
temperatures of any of the component liquids although it 
sometimes lies below that of either constituent.) But, the 
liquid which has the lower boiling temperature will supply 
most of the vapor. Hence by a prolonged distillation at gradu- 
ally increasing temperatures different volatile liquids may 
usually be separated from the same solution. 


EXPLANATION.—The liquid which has the lower boiling point will 
predominate in the ensuing vapor. Thus, its concentration in the 
remaining liquid will gradually decrease and the remaining liquid in the 
boiler will gradually assume a higher boiling point. The first vapor that 
comes off will, when condensed, provide a solution which has a greater 
concentration of the more volatile liquid, than had the original solution. 
As the boiling point increases, less and less of the more volatile liquid is 
evaporated and condensed. Finally, a point is reached where the com- 
position of the condensing vapor (if but two liquids were present in the 
original solution) becomes about the same as that of the original solution. 
At this point the distillation is either stopped or the distillate (condensed 
vapor) is led into a different vessel than was used up to this point. If a 
greater concentration of the more volatile liquid (than the first distilla- 
tion provides) is desired, the first distillate is again subjected to a second 
distillation. In this way, by successive distillations, a product of almost 
any desired concentration may be effected. 

Exampip.—FRaActrionaL DistinuaAtion Or Crupr O1n Provines THE 
Various Prrrotpum Propucts (Fig. 326) such as naphtha, benzine, 
gasoline, kerosene, and the lubricating oils. The crude oil is first heated 
to a relatively low temperature which vaporizes the more-volatile prod- 
ucts. These are condensed. The boiling point of the liquid which 
remains in the still gradually rises as these more volatile products are 
driven off as vapors. At a certain temperature, the distillate is piped to 
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a second receiver. Here the components of the next less volatility are 
collected. As the boiling point reaches a certain second value, the dis- 
tillate is led to a third receiver and so on until all of the “fractions” 
have been separated. Each of these products or fractions is still a mix- 


Fic. 326—Elementary petroleum still. 
(Crude oil is charged into S, and heated by ‘*e¢t/onating Column poondenser 


coke fire fed at G. The vapor rises through S s j Cooling Water 
V into F. In this fractionating column, F, tN S ai iS Xx Over fow-.. *, 
the vapors of the liquids of the higher boiling © iS) oN N a 2 
temperatures (which unavoidably are SSS S aS = — 
vaporized and pass over with the liquids of £82 a s & ya. 
the lower boiling temperature) are partially ws SS y 8 R 8 
condensed. The partially condensed liquids = 8S “Wy & Mi IM. ITM, /M, 8 
are then, in F, intercepted by the baffles and ? . “7 D & 
thereby caused to flow back into the still 5 es Wid = = 
—instead of passing over into the condenser Nfistiis © po = aN 
with the more volatile vapors. The vapors Ss = a 
are condensed in Cand flow into R. The co SEEN 
various fractions are separated by valves, V1, ae JA) storege tae 


various Fractions 


TET TRSTISISI STS E 


ee Lt i 


V2, etc. according to temperature indicated 
by T. The distillate is run off through pipes LES, 
D. The hot base—asphalt, ete—is allowed Me 
to solidify in parrels at, Al.) 


ture but each is composed mainly of compounds all having nearly the 
same boiling point. Some of the products are petroleum ether, gasoline, 
naphtha, benzine, kerosene, and heavier oils. At some stage, the residual] 
oil is chilled and then crystallizes partly into flakes (either paraffin or 
asphalt) which, except for the filtration of paraffin, are not further 
treated. Certain crude oils give a 


/By-Product Oven Unit rare § 6 
{ Soft Coal Being Coker & § paraffin residue and others an asphalt 
‘ cas And Products 8 9 residue. 
Primary Condenser ~~ 3 w« : ee 3 
||, Cxrouster SESS 347. Destruction Distillation 
, Ze >) ° . . . . 
| Extractor Sk%% is distillation of the volatile 


_ as wood, coal, bone. It results 
“Hearting Cyorniele Ang Nopikaine from a process of decomposition 
Grote CrubbLers 

5 ; 

Fie. 327.—Diagram of elementary (Sec. 155). The substances are 
by-product coke plant. (The gas and decomposed (Fig. 327) in closed 
other products given off by the coking sel b licati fo} t 
operation in O are drawn, by #, through Vessels, y app ication O 1eat. 
C. Tar is removed in T and naphth- ‘The volatile ingredients are thus 
aline and cyanides in N. Ammonia : d Th lia 
is removed in A after coolingin M and vaporized. € vapors resulting 
the gas goes through P to storage from different temperatures are 
holder.) 

conveyed to separate vessels 
wherein they are condensed. The non-volatile ingredients 
remain in the heating vessel as a semi-liquid or solid 


residuum. 


i components of solid substances, 
Wi 
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348. All Gases May Be Liquefied If Subjected To Suffi- 
ciently Low Temperature And High Pressure.—If any vapor 
be compressed until its pressure is equal to its saturation 
pressure at the then existing temperature, the vapor will be 
condensed—that is, it will be liquefied. Again, if the tem- 
perature of a vapor be decreased until its temperature equals 
the saturation temperature at the then-existing pressure, the 
vapor will be liquefied. Or the pressure may be increased 
and the temperature decreased simultaneously until satura- 
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Fia. 328.—Illustrating the critical conditions for water. (According to the later 
steam tables, the critical temperature and pressure for water are 706.1°F. and 3,200 lb, 
per sq. in. abs.) 


tion and consequent liquefaction occurs. There is, however, a 
certain temperature for every vapor, above which it cannot be 
liquefied (Sec. 349). Since (Sec. 225) every gas is, at certain 
temperatures, a vapor, these same laws hold for all gases. 
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Norr.—A PERMANENT Gas was defined by Faraday as one which 
resisted liquefaction. Since he liquefied all known gases except hydrogen, 
nitrogen, oxygen, carbon monoxide and methane, these five were formerly 
called the permanent gases. But since then, all known gases have been 
liquefied. Hence, strictly speaking, there is no such thing as a permanent 
gas. Sometimes the term is loosely and incorrectly used to designate 
gases (such as the five mentioned above) which can only be liquefied 
at extremely low temperatures. 


349. The Critical Temperature Of A Substance is that 
temperature above which it cannot exist as a liquid (Figs. 328 
and 329). There isa certain critical temperature for each ele- 


F _, Gas Under All 
ais : Pressures And 
Temperatures 
ener’ 
aaa 
Critica! ‘ 
Jem perature 1000 1 
=7200 ave 
750 | pt 3 
“ f Vee 
Temperatures é iS) See 
In Degrees. od [STS 
Fahrenhert 400 18 = : Mat) Be Either 
. 30 Los | Liquid Or Gas 
250 ( t & : Depending On 
100 wo | & = | Whether Pressure 
ey Sa Is Greater Or Less 
Boiling we | 8! Than That Necessary 
Ternperature H}—-100| + &' 7o Liguefy The Gas 
At Atmospheric 45 el | At The Existing 
Pressure ki Temperature 
‘ are Ru | See Temperature 
bs, ais : And Pressure Scar/es) 
= is) ‘ 
= 20 RS ! 
21-15 PC : 
eke +) 
8 N | Solid When Under 
=f: | Atmospheric 
we Bs 1 Pressure (May Be A 
100 BQ: 1; Vapor If In A Space 
e £ : Where The Vapor 
QR: | Pressure Is Very Low. 
135 ——— — -y¥ | In Such A Space The 
eee nae ° | Solid Would Sublime 


oy: Directly To The 


a 
emperature Gaseous State) 


At Atmospheric 
Pressure 


Fig. 329.—Illustrating the critical conditions for ammonia. 


ment and compound; see Table 350. Above its critical tem- 
perature, no pressure (regardless of how great it is) will liquefy 
a substance. The pressure of a saturated vapor (Sec. 308) at 
its critical temperature is called its critical pressure. Hence, 
its critical pressure is the lowest pressure at which a substance 
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can exist in the liquid state when it is at its critical temperature. 
The critical density of a substance is its density at its critical 
temperature and critical pressure. The critical density of 
a substance is the same whether it is in the liquid or gaseous 
state. 


Nore.—Tue CriticaL TEMPERATURE Or A SuBSTANCE may also be 
defined as that temperature above which the substance, when in its gase~ 
ous state, cannot be liquefied by pressure alone. Below its critical 
temperature the substance can be liquefied by pressure only. 

Norr.—Existence of any two of the three critical conditions: pressure, 
temperature, and density is contingent on the simultaneous existence of 
the third. 

ExaMpLes.—There can be no such thing as liquid air above its critical 
temperature which is —220° F. (220 degrees below zero). There can be 
no such thing as liquid water above the critical temperature of steam 
which is 706° F. (Table 394). 

Exampie.—lIf it is desired to change the state (Sec. 49) of gaseous air 
to liquid air, the first step is to subject it to a pressure of about (see 
Table 350) 585 lb. per sq. in. abs. Next, while the air is subjected to this 
pressure, it must be cooled to somewhat below its critical temperature of 
—220° F. Then it will be converted into liquid air, If its temperature 
exceeds —220° F., no pressure, however great, will liquefy it. If the 
temperature is less than —220° F., a pressure correspondingly less than 
585 lb. per sq. in. abs. will cause liquefication. 

Exampity.—Consider a quantity of water which is confined in a closed 
vessel. The vessel is heated. Thereby some of the water is vaporized. 
As additional heat is imparted and more of the water vaporized, the pres- 
sure within the vessel increases. This increases the density of the vapor. 
But as the temperature rises, the density of the water diminishes (Sec. 
205). Ultimately a temperature and pressure will be reached at which 
the density of the steam will be equal to that of the water. This tem- 
perature and pressure are, approximately, 706° F. and 3,200 lb. per sq. 
in. abs. (Marks and Davis’ Stmam Tastes). When this condition has 
developed, any further addition of heat will change all the water into 
steam since the water has then no latent heat of vaporization. A slight 
loss in heat will then result in instantaneous condensation of a consider- 
able quantity of water. 

Exampin.—lIf approximately equal volumes of liquid carbon dioxide 
and its saturated vapor are sealed (Fig. 330) in a heavy-walled glass tube, 
it may be easily heated above the critical temperature of carbon dioxide 
(88° F.) in warm water. As the temperature of the water approaches 
88° F’., the meniscus, A, or dividing line between the liquid and the vapor 
will give way to a foggy appearance at the point, B. At the instant that 
the critical temperature is passed, the tube will be full of gas only and 
will appear to be empty. 
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Nors.—Tus Eassp Wits Waica Tue CriticaL TEMPERATURE OF 
A Gas May Bs Arrarnep Larcety Determines Tue Faciniry WitTa 
Wuicu Tue Gas May Bop Liqurrisp.—The vapors of many substances 
such as: water, alcohol, ether, ammonia, and carbon dioxide may be 


(Carbon Dioxide Liguid 


T-Liquidt I-Tronsition IL-Gas 


Fie. 330.—Showing vaporization of carbon dioxide at critical temperature and pressure. 


P 
readily liquefied since temperatures (Table 350) well below their critical 
temperatures can readily be obtained. But liquefaction of certain gase- 
ous substances such as air, carbon monoxide, and hydrogen is accom- 
plished only with considerable difficulty. The reason is that the critical 
temperatures of these gases are (Table 350) extremely low and therefore 
difficult to obtain. 
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350. Table Showing Critical Temperatures and Pressures 
Of Various Substances. (From Marks’ MercuHanicau 
ENGINEERS’ HANDBOOK.) 


Critical pressure Boiling 

Critical temperature 

tempera- | of liquid at 

ee ture, deg. lin ain atmospheric 
Fahr. atmos- | lb. per pressure, 

pheres | sq. in. | deg. Fahr. 
Acetylene (C2H2)......... 95.0 68.0 1,000 —117.4 

DENG se cn anes AO tices: — 220.0 39.0 573 

Mion! (CalsGO), oceocc ow 421.0 65.0 956 172.4 
Ammonia (NH3)........ 266.0 115.0 | 1,691 — 27.4 
Benzola(@ 5c) aes 554.0 50.0 135 176.0 
Bromine eeere eines Hil) See moe 142.0 
Carbon dioxide... -j.4..,:)> 188.2 || 177.0 15132") —110-0 
Carbon monoxide......... | —222.0 35.9 | 528 —310.0 
Carbon Bale i OT: 468.0 78.1 1,148 115.0 
@hlOrolonn ae ee tee 500.0 54.9 807 141.0 
Chlorine. . eos 289 .0 92.0 1,352 — 27.4 
Ether (CyE00).. Saal 381.2 37.0 544 95.0 
Ethane. . Rae None at to 31.0 45.2 665 —135.0 
Ethylene’. a oer oe 50.0 | 340-9 79704 |) smo 
Feline, seer, cna = 44a06 Ulnar 44.1] —450.4 
LED GIO} REM bp ota oanc oe —402.0 20.0 | 294 —423.0 
Hydrogen chloride........ 125.6 87.0 | 1,278 | —112.0 
Hydrogen sulphide....... 212.0 94.0 1,382 — 61.6 
Metiamen (i.e anata — 11556 RY 0) 838 — 263.0 
Nitric oxide (NO)........ —137.2 73.0 1,073 | —238.0 
Nitrous oxide (N2O)......| 95.8 80.0 ik yan —134.0 
INIbrOC eRe roc: mio — 236.0 35.0 514 —321.0 
Oxyi@enGiacmncte rarer tert —180.4 50.0 735 — 297.0 
Pentanega epoca ore 386.6 34.0 500 96.8 
Sulphur dioxide.......... 314.6 80.0 VTS 14.0 
2) Waterman che. Com crete: | 70651 217.8 | 3,200 212.0 


1 1 atmosphere = 14.7 lb. per sq. in. 
I’rom Marks and Davis’ Stpam TABLgs. 
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QUESTIONS ON DIVISION 10 


1. Define vaporization. Give some examples of its practical applications. 

2. Explain in general terms the distinction between a gas and a vapor. 

3. What kind of a vapor is steam? 

4. Name and define the three different kinds of vaporization. 

5. Under what temperature conditions will evaporation occur? 

6. Explain the molecular theory of evaporation. 

7. State the laws governing evaporation. Explain each law. 

8. What effect does evaporation have on the temperature of the evaporating liquid 
and the adjacent bodies? Explain. Give two commercial applications. 

9. Give some examples of freezing and cooling by evaporation. 

10. What is condensation? Explain. Give a practical application of heating by 
condensation. 

11. What change in volume takes place when a substance vaporizes or condenses? 

12. What isasaturated vapor? Explain saturation theoretically. What happens ifa 
saturated vapor is cooled at a given pressure? 

13. What are Dalton’s laws for vapors? Explain an exception to the second law. 

14. What determines the vapor pressure of a given liquid? What effect has the 
presence of another gas on evaporation? On vapor pressure? 

15. What is meant by saturation pressure? 

16. Why do bubbles form when a liquid is heated to its boiling point? Of what are 
they composed? Why do they sometimes disappear before they reach the liquid surface. 

17. Why is ebullitionsusually more rapid than evaporation? 

ig. What is the relation between vapor pressure and boiling point? Illustrate with a 
sketch showing the forces which act upon a bubble. 

19. Why does not a body of liquid all evaporate at once when heat is applied to it at its 
boiling point? 

20. How does difference in pressure affect boiling point? Describe an experiment in 
which boiling point is lowered by a pressure change. One in which it is raised. 

21. How is the boiling point of a liquid affected by a dissolved solid? By a dissolved 
gas? 

22. Give two examples of sublimatior. 

23. What is latent heat of vaporization? Into what two parts may it be divided? 
Explain. 

24, Why is the large latent heat of vaporization of water a disadvantage in steam 
power generation? An advantage in steam heating? 

25. How does increased pressure and temperature affect latent heat of vaporization? 

26. What are the principal constituents of atmospheric air? 

27. Define humidity. In what two ways may the atmospheric humidity be expressed 
numerically ? 

28. What degree of humidity is most suitable for animal life? How may the humidity 
be increased artificially? How decreased? 

29. Explain the principle and use of the psychrometer in determining relative humidity. 
What is the practical use of such determinations? 

30. What is meant by dew point? How is dew formed? 

31. Explain the sweating of cold objects in warm air. How may it be prevented? 
Give 2 ways. 

32. Explain frost, fog, and rain? How is snow formed? 

33. Explain fractional distillation. Destructive distillation. Give a commercial 
application of each. 

34. What is the critical temperature of a substance? What is its critical pressure? 
Critical density? Describe condensation and vaporization at critical temperature and 
pressure 

35. What is the effect of the critical temperature of a gas on the ease with which it 
can be liquefied? 
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PROBLEMS ON DIVISION 10 


1. How much heat must be added to 1 lb. of water at 32° F. to change it to steam at 
atmospheric pressure? 

2. How much heat must be added to 1 lb. of ice at 32° F. to change it to steam at 
atmospheric pressure? 

8. What is the weight of the water vapor in 1 cu. ft. of air at a temperature of 70° F., 
if the relative humidity is 55 per cent.? 

4. The temperature of the wet- and dry-bulb thermometers in a room are 70° F. and 
53° F. respectively. What is the relative humidity and what weight of water vapor does 
each cubic foot of air contain? Compute from the tables. 

5. In an industrial plant, the wet- and dry-bulb temperatures are respectively 90° F. 
and 75° F. on asummer day. Find, by means of the psychrometric chart of Fig. 323, 
the relative humidity and the weight of water vapor in 1 cu. ft. of the air. 

6. If, in the plant of Prob. 5, a relative humidity of 80 per cent. is necessary for certain 
processes, find what the wet-bulb thermometer should be made to read and how much 
moisture must be added to each cubic foot of air. 

7. If, in Prob. 6, it is desired to raise the relative humidity by cooling the air, to what 
temperature must it be cooled? 

8. (a) What is the state of water at the temperature of 800° F. and under the pressure 
of 200 Ib. per sq. in. abs.? (6) At 800° F. and 3,500 lb. per sq. in abs.? (c) At 1,000 
Ib. per. sq. in. abs. and 500° F.? (d) At 350° F. and 75 lb. per sq. in. abs.? 

9. (a) What is the state of ammonia at 70° F. and 100 lb. per sq. in. abs.? (6b) At 
700° F. and 500 lb. per sq. in. abs.? (c) At 140° F. and 500 lb. per sq. in. abs.? (d) 
At 0° F. and atmospheric pressure? 


DIVISION 11 


STEAM AND OTHER VAPORS 


351. A Vapor Is Any Substance In The Gaseous State 
Which Does Not Even Approximately Follow The General 


Gas Law (Figs. 331 and 
332). That is, as explained 
in Sec. 225, vapors are 
substances in the gaseous 
state at or near their 
liquefaction conditions. 
The general gas law is ex- 
plained in”Sec. 248. The 
reason for this departure 
of the performance of 
vapors from the general 
gas law is that the vapors, 
when heated or cooled, ex- 
perience some disgregation 
work (Sec. 98). The gen- 
eral gas law is based on a 
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point of a liquid at which 
point the liquid is changed 
to a vapor and a great 
change of volume occurs 
with no change in the 
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pressure which is exerted by the vapor or in its tempera- 
ture. The consequence is that, for most vapor calculations, 
it is infeasible to use formulas. Instead, it is necessary to 
use values which have been determined by experiment and 
listed in tables. The use of these tables will be described later; 
the Steam Table 394 is an example. 


Norre.—Hicsity SuprerRHeATED Vapors Arm Gasss, if the super- 
heat is sufficiently great, and they do then approximately follow the 
perfect gas laws. 


352. Vapors Are Essential To The Operation Of Most 
Refrigerating Plants, Many Power Plants And For Many 
Industrial Processes.—Hence, a knowledge of their properties 
and behavior is very important to the engineer. Water vapor 
—steam—is used to generate more power than any other 
substance; see following Sec. 391. The vapors, ammonia, 
sulphur dioxide, and carbon dioxide are practically the only 
substances used as refrigerants in the manufacture of artificial 
ice; see Div. 18. The examples just stated indicate how 
extensively vapors are used in industry. All behave similarly 
even though they have different boiling points. Thus, the 
general principles stated in this division are true for all vapors. 

But the properties of only the four 

Borh Invicae ~=©AM portant vapors, named above, 
Temperature, Will be treated in detail. 

ee 353. Vapors May Occur In Any 

.~ One Of Three Conditions: (1) 

| Saturated vapor whicl b 

por which may be 

either wet or dry. (2) Swperheated 

vapor. (8) Supersaturated vapor. 

ie = = Kach of these conditions will be 

— (Le discussed separately. 

‘, wenriseet ta 354. Saturated Vapor Fig. 333 

Titan iti (see also discussionand definition 
Je i eit nate eee given in Sec. 805), is vapor at the 

temperature corresponding to the 
boiling point of the liquid at the imposed pressure. As 
explained in Sec. 315, there is, for each different liquid sub- 
stance, a certain definite boiling point for each pressure. A 
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substance which is in the vaporous form in a confined space 
and which is in contact with some of the same substance which 
is in the liquid state, is always at the same temperature as the 
liquid and is saturated vapor. When heat is added to a 
confined (at constant pressure) body of saturated vapor and to 
the liquid with which it is in contact, more of the liquid 
vaporizes but the temperature of the liquid and vapor remains 
constant. Similarly if heat is extracted, more of the vapor 
will condense but the temperature will also remain constant. 
The temperature will not change until the liquid is all vapor- 
ized or until the vapor is all condensed; see Sec. 322 on “latent 
heat of vaporization.’’ If the pressure to which the saturated 
vapor and its liquid are subjected is varied, the temperature 
of both liquid and vapor will always vary correspondingly with 
it—but the temperature of the confined vapor will in every 
case be the same as that of the liquid. 

Norz.—for A Given Pressure, THE TEMPERATURE AND DENSITY 
. Or A SaturateD Vapor Arp Frxep.—The temperature and density can- 


not be changed without also changing the pressure; see Sec. 305; also 
see Steam Table 394. 


355. Saturated Vapors May Be Either Dry Or Wet.—A dry 
saturated vapor is one that does 
not contain any liquid. It con- 
tains just sufficient heat energy to 
maintain all of the substance in ¥# 
the vaporous form; see also Sec. #* 
305. A wet vapor is one that is 
saturated but it _also contains Ce pare eee 
liquid particles, (Fig. 334), either @\'n Dye ueahed ay, 
in the form of mist or as fine drop- ie 
lets in suspension. It does not 
contain sufficient heat energy to 

; : z Fria. 334.—Cross-section of steam 
maintain all of the substance in the pipe showing the distribution of 
vaporous state. water in a main carrying wet steam. 
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because, if boiling takes place at even a moderate rate, some liquid 
particles are always carried upward with the rising vapor. Further- 
more, when the vapor is transmitted any considerable distance through 
pipes, it usually loses some heat which causes more vapor to condense 
(Sec. 301) and consequently produces more liquid in the vapor. 


356. Superheated Vapor is vapor the temperature of which 
is greater than that of the boiling point corresponding to the 
pressure imposed on it. The temperature of a vapor may be 
increased above that corresponding to the imposed pressure 
by adding heat to the vapor (Fig. 335) after the liquid has all 
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Fra. 335.—"“‘Elesco” superheater applied to a water-tube boiler of the cross-drum type. 
(The Superheater Company.) 


been vaporized or after the vapor has been separated from con- 
tact with the liquid. Superheated vapor contains more heat 
energy than that required merely to maintain the substance 
in the vaporous condition. It contains the additional heat 
energy required to raise the temperature of the vapor above 
the temperature corresponding to the pressure. The super- 
heated condition of a vapor in one which is not in thermal 
equilibrium with the liquid, for if superheated vapor is brought 
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in contact with the liquid substance, it will give up that 
portion of its additional heat which is required to vaporize 
the liquid, providing it contains that much additional heat. 
If it does not contain sufficient additional heat to vaporize 
all the liquid, it will give up all its additional heat and some 
of the liquid will not be vaporized. 

Notrs.—WHILE SaTuRATED VAPpor Can Have ONLY OnE TEMPERA- 
TURE AND Density For A GtvEN PRESSURE, SUPERHEATED VAPOR CAN 
Have Any TEMPERATURE ABOVE THE Bortine Point AND Any DENSITY 
less than that of saturated vapor, for the given pressure. At constant 
pressure the temperature of superheated vapor increases with the heat 
added. 

Nors.—TxHe Amount OF Suprrueat In A Vapor Is GIvEN in terms 
of the difference between its temperature and that of saturated vapor at 
the same pressure. Thus, vapor which has a temperature 50° higher 
than saturated vapor at the same pressure is said to contain ‘‘50° of 
superheat.” 


357. Supersaturated Vapor is vapor the temperature of 
which is less and the density of which is greater than that 
corresponding to the pressure imposed on it. This condition is 
obtained when vapor is cooled by its own expansion until it 
contains less heat energy than would the saturated vapor 
under the same conditions. This condition cannot always be 
obtained because—after the heat energy of the vapor is 
reduced to that of saturated vapor under the same conditions, 
and then more heat is abstracted—some of the vapor usually 
condenses and the heat in the remaining vapor is the same. 
Under certain special conditions, however, for some reason not 
fully understood, condensation does not take place and the 
vapor changes to the supersaturated condition. This con- 
dition is a very unstable one and the vapor soon resumes the 
saturated condition. 

Norrt.—Tuis SUPERSATURATED ConpitIion Or Vapor Is ORDINARILY 
Or No Importance In Pownr PLANT Practicn except to the turbine 
designer—it occurs only in the expansion in a turbine or other nozzle. 
It is mentioned here only to show that this condition may exist. It will 
not be further discussed. 


358. Vapors, When Used In Engineering Processes, Do 


Not Remain In The Same Condition Throughout The Process; 
That Is, Their “Properties” Change.—At certain points in a 
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process the substance may be all vapor, at other points it may 
be all liquid, while at intermediate points it may be part liquid 
and part vapor. The pressure on the vapor may vary through 
a wide range and also the temperature. With these pressure 
and temperature changes, the volume of 1 lb. of the substance 
must also change. The fact that the working substance is 
used as a vehicle for conveying heat, necessitates its possessing 
a different quantity of heat at different points or conditions. 
These several qualities, pressure, temperature, specific volume, 
heat content, and others which are related to one another are 
spoken of as the properties of the vapor. 

359. The Various Properties Of Each Vapor Are Interrelated. 
That is, they depend upon one another; hence, if some of 
them are given or observed, the others may be found. It was 
shown in preceding Sec. 354, that for saturated vapor at agiven 
pressure, the temperature is always the same. Thus, if the 
pressure of saturated vapor is observed, its temperature can 
be found from a vapor table in which the results of previous 
experiments are tabulated. Likewise, all the other properties 
of a given weight of a certain vapor which will be described 
later, such as latent heat of vaporization, can be found when 
any two properties, such as the pressure and quality for satu- 
rated vapor or the pressure and temperature for superheated 
vapor, are known. However, if it is known that the vapor is 
dry and saturated only one other property such as the pressure 
need be known, since the knowledge that it is dry constitutes 
the second known property which is ‘‘ quality.” 


Norr.—For Dry Saruratpp Vapor, THE PrRessurE Nrep Not Br 
THE OBSERVED Propprry.—Any property may be the observed one and 
all the other properties may be found from it. In steam practice the 
pressure is usually observed while in refrigeration practice the tempera- 
ture is observed. Likewise with wet saturated or superheated vapor any 
two properties may be observed to determine the remainder. But for 
wet saturated vapor, temperature and pressure cannot be counted as 
two properties for one determines the other; hence, another property 
besides either one of them must be given. 

Nore.—Pressurp Gaans, THarmomMreturs, AND Vapor CaLorIM- 
ETERS are used to determine the properties of the substances at various 
points. Vapor calorimeters (Sec. 392) determine the percentage of 
liquid carried with the vapor. 
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360. By The ‘‘Quality” Of Saturated Vapor is meant the 
percentage of dry vapor present in the given amount of the 
wet saturated vapor. It is, in this book, usually expressed 
as a decimal but it is often expressed as a percentage. That 
is, if 100 lb. of wet vapor contains 2 lb. of liquid and 98 lb. 
of dry vapor, the quality of the vapor is 98 per cent. or 0.98. 
It is important to know the quality of a vapor in ascertaining 
its heat content per pound (see Sec. 365). ‘‘Quality” is also 
used in calculating engine economies. Quality is determined 
by means of vapor or steam calorimeters, as is explained in 
Sec. 392. 

Exampiy.—Assume that an engine requires 10,000 lb. of dry steam 
per hour for a given output. It is found that the quality of the steam 
furnished to it is 94 per cent. Neglecting the heat of liquid in the water, 
what weight of wet steam must be furnished? Sotution.—The 10,000 


lb. of steam is 94 per cent. of the weight of wet steam necessary. Then: 
the weight of wet steam required = 10,000 + 0.94 = 10,630 lb. per hr. 


361. The Properties Of The Vapors Used In Practice Are 
Arranged In “Vapor Tables.’”’—The values found therein 
(Tables 394, 395, 399, 400 and 401) have been determined 
accurately by experiment. They form the basis for many 
vapor calculations. Such tables must be employed because 
the properties of vapors cannot be determined from the 
general gas law (Sec. 248) or other simple formulas. The 
values given in the tables are for dry saturated vapors but they 
may be used also for wet-vapor computations. When they 
are so used, the amount of liquid present in the wet vapor 
must be given consideration. This is necessary because the 
tables give values which apply only to the vapor and not to the 
liquid and vapor together; see Sec. 366. The tables given in 
this division are abstracts of more extensive tables; but they are 
complete enough for most engineering work except engine, 
turbine, or refrigeration-compressor designing. 

Norr.—TuHe Heat-content VALuns Suown In Tur Vapor TaBiEs 
InpicaTte Onty THe Heats Or 1 Ls. Tom Varor Aspove 32° F, Liquip, 
although the liquid at 32° F. does contain some heat. As explained in 
Sec. 108, some starting point must be chosen because the total heat in a 
body, that above 0° F. abs., cannot be measured. This arbitrarily 


chosen point, the liquid state at 32° F., is a convenient one for most 
vapors. Calculations will not be affected by the temperature which is 
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thus used as this starting point (or datum) above which the total heat 
of the vapor is considered, for in engineering only the difference in heat 
content between two conditions of the vapor is desired and not the total 
heats. Almost any reasonable temperature other than 32° F. might 
have been chosen as the standard starting point; but 32° F. was chosen. 
It is convenient and hence is widely used. 

Notrzn.—Tuere ArzE Two Tastes For Eacu Varor.—One table con- 
tains the properties of the dry saturated vapor and the other the properties 
of the superheated vapor. The table of the properties of superheated 
steam is the only table of superheated vapors given in this volume. 
The properties of wet vapor can be determined from the table of dry 
saturated-vapor properties by the method shown in Sec. 366. The 
properties of supersaturated vapors are not tabulated since this condition 
of vapor, as stated in Sec. 357, seldom occurs in engineering practice. 


362. To Determine The Properties Of A Vapor At Some 
Pressure Between Those Given In Tables 394, 395, 399, and 
400, interpolate as explained below and by the following 
example. This method is quite accurate. There are, how- 
ever, charts of the properties of vapors, as shown in Fig. 348, 
from which these intermediate values can be read directly. If 
the charts are large and accurately made, the values obtained 
from them will be more accurate than those found by inter- 
polation of the values given in the table. However, most 
charts are small and not precisely printed, which tends to 
render them inaccurate. Hence charts should not be used for 
exact computations unless they have been previously checked 
with a table of known accuracy. Charts will be further 
discussed in Sec. 382. 


ExaMpLe.—Find the temperature and latent heat of 1 lb. of steam at 
154 lb. per sq. in. abs. Souurion.—The pressure, 154 lb. per sq. in. 
abs., is 0.4 of the range from 150 to 160 in Column 2, Table 394. That 
is, 160 — 150 = 10 and 154 — 150 = 4, and 4 +10=0.4. Therefore, 
the temperature at this pressure is approximately 0.4 of the range from 
358.5 to 363.6° F., greater than 358.5° F. Thus it will be: 358.5 + 
0.4(363.6 — 358.5) = 360.5° F. Similarly, the latent heat of steam at 
154 lb. per sq. in. abs. is: 863.2 — 0.4(863.2 — 858.8) = 861.5 B.t.u. 


363. The Heat Of The Liquid, h (Tables 394, 399, 400 and 
401), as given in tables of vapor properties, is the heat in 
British thermal units required to raise the temperature of 1 Ib. 
of the liquid from 32° F. to that temperature at which the 
liquid begins to boil at the given pressure, P. In changing a 
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liquid to a vapor under constant pressure, the temperature of 
the liquid must first be brought up to its boiling point at the 
given pressure before the liquid can evaporate (Sec. 315). 
The heat required to do this is called the heat of the liquid. 


Note.—TxHe Heat Or Tun Liguin May Br Founp ApPprRoxIMATELY 
By Muttretyine Tue Spreciric Heat Or Tun Liquip By Tur TemMpeEra- 
TURE Risp; see Sec. 92. For water the specific heat is approximately 1. 
Hence the heat of the liquid for water vapor or steam then must be 
approximately equal to the difference in temperature between the tem- 
perature under consideration and 32° F. See Table 394, column 5. 

Exampie.—The heat of 1 lb. of liquid (water) at 261° F., as shown 
by Steam Table 394, is 229.6 B.t.u. The temperature difference between 
261 and 32° F. = 261 — 32 = 229° F. This value is nearly equal to the 
actual heat of liquid in B.t.u.—229.6—as shown by the steam table. 
The correct value is the one given in the steam table. 

Nore.—Tue Heat OF Tue Liqguip IncrnAses WITH THE PRESSURE.— 
Since the temperature increases with the pressure, the heat of the liquid 
must also increase with the pressure. 

Note.—Vs4rors ARE OrTeN Usep Brtow 32° F. In RErricgERATION 
Processss (see Tables 399, 400, and 401). For temperatures below 32° 
F., the heat of the liquid given in the table must be extracted from, instead 
of added to the liquid at 32° F. to bring it to the temperature under con- 
sideration. Hence, the heat of the liquid is given the negative sign in 
the vapor tables when the temperature of the liquid is below 32° F. At 
32° F. the heat of the liquid must be zero. 


364. The Latent Heat Of Vaporization, L, (see Sec. 322 
for definition) is also given in the vapor tables. The value 
of the latent heat of vaporization decreases as the imposed 
pressure increases (see Tables 394, 399, 400, and 491 for 
saturated vapors) until the critical pressure is reached; there 
it becomes zero. Thelatent heat of vaporization is, as explained 
in Sec. 325, divided into two parts: (1) The external latent 
heat of vaporization—external-work heat—which is equivalent 
to the amount of mechanical work done by the vapor in expan- 
ding from the liquid to the vapor state. (2) The internal 
latent heat of vaporization—disgregation heat—which is the 
increase in internal heat energy accompanying the vaporization; 
see also Sec. 107. The values for these two parts of the latent 
heat of vaporization are also given in the saturated-vapor tables 
in the columns headed Lz and L, respectively. It is a useful 
fact to remember that it requires about 1,000 B.t.u. (see Steam 
Table 394) to vaporize 1 lb. of water at atmospheric pressure. 
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Norre.—No Vauuer For Tue Larent Heat Or VAporization Is GIvEN 
In Taste 395 Or Tue Properties Or SuPHRHEATED WATER VAPOR. 
—These values can be found from the table of the properties of saturated 
vapors under the latent heats of vaporization for the same pressure; see 
following example. The latent heat depends on the pressure and not on 
the amount of superheat. 

Note.—Tue Terms ‘Latent Heat Or Tur Varor” and ‘Hear OF 
VAPORIZATION” are sometimes used instead of ‘‘Latent Heat of 
Vaporization.” 

Exampie.—Find the amount of heat that was required to vaporize 
10 lb. of steam which is at 160 lb. per sq. in. gage and has a temperature 
of 500° F. Soxtution.—From saturated-steam Table 394, the tempera- 
ture of steam which is at 160 lb. per sq. in. gage pressure, is found to be 
only 370.8° F. Hence the steam given in this example must be super- 
heated steam. But this does not affect the solution of the problem 
because the heat of vaporization of superheated steam is the same as that 
for saturated steam at same pressure. In saturated-steam Table 394 
on the horizontal line with 160 lb. per sq. in. gage pressure in the L 
(heat-of-vaporization) column is the value ‘'852.7.” This is the heat in 
B.t.u. required to vaporize 1 lb. of steam. To vaporize 10 lb. of steam: 
10 X 852.7 = 8,527 B.t.u. are required. 


365. The Total Heat Of A Vapor, (Hp Column 4, Table 394), 
is the amount of heat which must be supplied to 1 lb. of the 
liquid which is at 32° F, to convert it, at constant pressure, into 
vapor at the temperature and pressure considered. This 
value is given in both the tables of the properties of saturated 
vapors and those of the properties of superheated vapors. 
The total heat is, for dry saturated vapor, the sum of the heat 
of the liquid, h, and the latent heat of vaporization, L; see Sec. 
108. The total heat of any dry saturated vapor increases 
with the pressure. For superheated vapors, the total heat 
(Table 395) includes not only the heat of the liquid and the 
latent heat of vaporization but also the additional heat 
required to superheat the vapor. 

Norn.—Tur Toran Heat Or A Vapor Drrprenps On How Tue 
Varor Is Hnatrnp.—The total heat given in the tables is for heating at 
constant pressure. If the liquid is heated in some other manner, as at 
constant volume, the total heat added would be different. 

ExamMpie.—l'ind the amount of heat which must be supplied to 53 Ib. 
of water at 59° F. to convert it into saturated steam at 250.3° F. Do not 
use the Hp values in Column 4 of Table 394. 

So.tution.—The heat of liquid at 250.3° F. is 218.8 B.t.u. per lb. At 
59° F. it is 27.08 B.t.u. per lb. The amount of heat that must be added 
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to the liquid to raise it to the required temperature is then: 218.8 — 
27.08 = 191.72 B.t.u. per lb. The heat required to vaporize the liquid 
at 250,3° F. is 945.1 B.t.u. per lb. Hence, the total heat required is: 
(945.1 + 191.72) X 53 = 1,136.82 X 53 = 60,250 B.t.u. for 531b. Nore. 
—This result would be obtained in practice by subtracting the heat of 
liquid, 27.08 B.t.u., from the total heat of steam 1,163.9 giving 1,136.82 
B.t.u. per lb. as before. 


366. The Total Heat Of A Wet Saturated Vapor Cannot Be 
Obtained Directly From The Vapor Tables.—However, it 
ean be calculated when the quality is known by the use of the 
following formula, the derivation of which is given below: 
(242) Hy =h+xL (B.t.u. per pound) 
Wherein: H; = the total heat of wet vapor, in British thermal 
units per pound. h = the heat of liquid at the temperature of 
the wet vapor, in British thermal units per pound. x = the 
quality of the wet vapor, expressed decimally; that is, the 
fraction of the mixture that is vaporized. L = the latent 
heat of dry saturated vapor at the pressure of the wet vapor. 


ExamPLe.—Find the total heat of 1,100 lb. of wet ammonia vapor 
having a quality of 96 per cent. The temperature of the vapor is 60° F. 

Sotution.—From Table 400 for the vapor at 60° I’.,h = 30.9 B.t.u. per 
lb. and L = 522 B.t.u. per lb. By For. (242): the total heat per lb., 
Hy =h + xb = 30.9 + (0.96 X 522) = 30.9 + 501.1 = 532 B.t.u. per 
lb. For 1,100 lb.: the total heat = 1,100 X 532 = 585,200 B.t.u. 

DerivaTion.—Wet vapor (Sec. 355) has liquid particles suspended 
in it. Since the liquid particles contained in the wet vapor are at the 
same temperature as the vapor, the heat of the liquid, h, contained in a 
given weight of wet vapor must be the same as that contained in the 
same weight of dry saturated vapor at the same pressure. But also, the 
vapor portion of wet vapor contains latent heat of vaporization. Now, 
by definition, the weight of dry vapor in 1 lb. of wet vapor is equal to the 
quality, x, of the vapor expressed decimally. Hence, the latent heat in 
1lb. of wet vapor must equal the latent heat, L, of dry saturated vapor 
times the quality. That is, the latent heat present in 1 Ib. of wet vapor = 
xL. Hence the total heat present is: 


(243) Hw =h-+xL (B.t.u. per Ib.) 
which is the same as For. (242). 


367. The Total Heat Of Superheated Vapor Can Be Com- 
puted When No Table Of Superheated-vapor Properties Is At 
Hand.—The temperature and pressure of the vapor must 
both be known. For steam, find the temperature in Steam 
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Table 394 corresponding to the pressure of the vapor. The 
difference between this temperature and the observed tem- 
perature is (Sec. 356) called the degrees of superheat. Then 
find, from the graph of Fig. 336, the mean specific heat of super- 
heated steam for this pressure and degree of superheat. 
Now, the total heat of superheated vapor is: 


(244) Hy = Hp eT, (B.t.u. per Ib.) 
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Fia. 336.—Chart showing mean specific heat of superheated steam for various pressures 
and degrees of superheat. 


Wherein: Hs = the total heat of superheated vapor, in British 
thermal units per pound. Hp = the total heat of saturated 
vapor at the same pressure as that of the superheated vapor, in 
British thermal units per pound. C = the mean specific heat 
of superheated vapor at the pressure and degrees of superheat 
considered; for steam see Fig. 336; for other vapors see note 
below; 7's = the degrees of superheat of the vapor, in degrees 
Fahrenheit. 


Exampie.—A certain volume of steam has a temperature of 397° F. 
and a pressure of 180 lb. per sq. in. abs., what is the total heat per pound? 
So.ution.—The temperature corresponding in Steam Table 394, to 
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180 lb. per sq. in. abs. is 373.1° F. There are, therefore: 397 — 373.1 = 
23.9° F. of superheat. The mean specific heat of superheated steam under 
these conditions is (A, Fig. 336) 0.64. Hence, by For. (244), the total 
heat of superheated steam: Hg = Hp + C7's = 1,196.4 + (0.64 X 
23.9) = 1,211.3 B.t.u. per lb. 

Nots.—Tsue Mnpan Spreciric Heats Or Supproeatep AMMONIA, 
Carson Dioxipr, AND SuntpHur Dioxipg, throughout the ordinary 
working ranges, may be taken as: ammonia, 0.52; carbon dioxide, 0.21; 
sulphur dioxide, 0.15. These are specific heats at constant pressure, 
Sec. 267. 


368. The Specific Volumes Of Vapors (the volumes of 1 lb.) 
are given in the vapor tables for dry saturated vapors and for 
superheated steam. The specific volumes of superheated 
ammonia, carbon dioxide, and sulphur dioxide may be found 
with reasonable accuracy by applying the general gas law and 
the constants given in Div. 8. The specific volumes of wet 
vapors may be computed, with reasonable accuracy, by For. 
(245) belowy If extreme accuracy is desired For. (246) may 
be used. 


(245) Vw =XVp (cu. ft. per lb.) 


Wherein: Vw = the specific volume of the wet vapor, in cubic 
feet per pound. x = the quality of the vapor, expressed 
decimally. Vp = the specific volume of dry saturated vapor 
of the same pressure, in cubic feet per pound; Vp can be found 
from the vapor tables. 


DerivaTion.—Since 1 |b. of the wet vapor contains x lb. of dry satu- 
rated vapor and (1 — x) Ib. of liquid at the boiling temperature, the 
specific volume of the wet vapor must be the sum of the volumes occupied 
by x lb. of dry saturated vapor and (1 — x) lb. of liquid. If Vz is the 
specific volume of the liquid at the boiling temperature, then the volume 
of (1 — x) lb. of liquid will be (1 — x) X Vz cu. ft. Also, the volume 
of x lb. of dry saturated vapor will be x X Vp cu.ft. Hence, the specific 
volume of the wet vapor, 


(246) Vw = (1 —x)¥V1 + xVpb (cu. ft.) 


But, the specific volume of the liquid is ordinarily very small as compared 
with that of the dry saturated vapor. Hence, except for very wet vapor 
(x very small), only a negligible error is introduced by disregarding the 
term of For. (246) which expresses the volume of the liquid. When this 
term is disregarded, For. (245) results. 

ExampLe.—What is the specific volume of steam of 80 per cent. 
quality at 125 lb. per sq. in. abs.? Sotutron.—From steam Table 394, 
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at 125 lb. per sq. in. abs., Vp = 3.583 cu. ft. per lb. Hence, by For. 
(245), the specific volume of the wet steam = Vw = xVp = 0.80 X 
3.583 = 2.866 cu. ft. per ld. 

Norr.—To Finp Tue Quauiry Or Wer Steam WHEN Its SpEciFic 
VotumeE Anp Irs Pressure Or TEMPERATURE ARE Known, the follow- 
ing formula—a transposed form of For. (245)—may be used 
LVw 
~ Vp 

Exampue.—lf 2 lb. of steam at 281° F. are contained in an engine 
cylinder whose volume is 12 cu. ft., what is the quality of the steam? 
Sotutron.—The specific volume = Vw = 12 + 2 = 6 cw. ft. per lb. At 
281° F., by Table 394, the specific volume of dry saturated steam is 
8.51 cu. ft. per lb. Hence, the steam in the cylinder is wet, Then, by 
For. (247), the quality =x = Vw/Vp = 6 + 8.51 = 0.705 or 70.5 
per cent. 


369. The “Internal Heat” or ‘Internal Energy’? Of A Vapor 

(see Sec. 107, for definition) can readily be computed. As 
explained in Sec. 103, nearly all of the heat of the liquid (h 
in the vapor tables) represents vibration heat and is therefore 
internal heat. Likewise, during vaporization, a great portion 
of the latent heat of vaporization is stored as internal energy 
(in Table 394 the latent heat is divided into internal and 
external heats). For any liquid, vapor, or mixture of liquid 
and vapor, the internal energy per pound (measured above 
that of the liquid at 32° IF.) may be found from the tables by 
the formula: 
(248) I = H — 0.185,2PV (B.t.u. per Ib.) 
Wherein: I = the internal energy of the liquid or vapor, in 
British thermal units per pound. H = the heat content (Sec. 
365) of the liquid or vapor, in British thermal units per pound. 
P = the pressure of the vapor, or the pressure at which the 
liquid will boil at its temperature, in pounds per square inch 
absolute. V = the specific volume of the liquid or vapor, in 
cubic feet per pound. 


(247) Ke (decimal) 


Derivation.—Formula (248) is the direct result of transposition and 
simplification of the formula which is used by the compilers of the vapor 
tables as the definition of heat content, namely: 

144PV 
(249) H=I+ ae 

Exampiy.—What is the internal energy of 1 lb. of dry saturated 

water vapor at 366° F.? Sonrution.—By Table 394, for the given condi- 
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tion: H = 1,195.0 B.t.u. per lb.; P = 165 lb. per sq. in. abs.; V = 
2.753 cu. ft. per lb. Hence, by For. (248), the internal energy =I = 
H — 0.185,2PV = 1,195.0 — (0.185,2 = 165 X 2.753) = 1,110.8 B.t.u. 
per lb. 

Exampie.—What is the internal energy of 1 lb. of steam at 200 lb. 
per sq. in. abs. and superheated by 150° F.? Soxturton.—By Table 395, 
for the given conditions, H = 1,282.6 B.t.u. per lb., and V = 2.86 cu. ft. 
per lb. Hence, by For. (248), the internal energy = I = H — 0.185,2 
PV = 1,282.6 — (0.185,2 X 200 X 2.86) = 1,176.6 B.t.u. per Ib. 

ExaMPLy.—What is the internal energy of 1 lb. of steam whose quality 
is 0.75 and whose temperature is 312° F.? Soturron.—By Table 394, 
aes bee Hei — Ole bctles pera ba e— 1900.55 Batstes Deralb anne — 
5.47 cu. ft. per lb. P = 80 lb. per sq. in. abs. Hence, by For. (242): 
the total heat = Hw =h + xL = 282 + (0.75 X 900.3) = 957.2 B.t.u. 
per lb. Now by For. (245), the specific volume = Vw = xVp = 0.75 X 
5.47 = 4.10 cu. ft. per lb. Hence, by For. (248), the internal energy = 
I = H — 0.185,2 PV = 957.2 — (0.185,2 X 80 X 4.10) = 896.4 B.t.w. 
per lb. 


370. Heat Energy Transfer May Be Expressed As The 
Product Of ‘Entropy’ And “Absolute Temperature.”— 
Every kind of energy or work may, as is explained below, be 
expressed as the product of two factors. Now, early in the 
study of heat phenomena it became evident to the investigator 
Clausius that it would be desirable to similarly express heat 
energy as the product of two factors. One of the factors he 
decided should be absolute temperature. The other factor, 
which he proposed—and which when multiplied by average 
absolute temperature would give heat energy—he named 
entropy. It might quite as well have been christened with 
any other distinctive name. Entropy will now be explained. 


ExampiLe.—lIllustrating How All Energy Change Is The Product Of 
Two Factors. In representing energy by the area of a graph, one of these 
factors is represented by vertical distances and the other by horizontal 
distances. Thus, for example (Fig. 337): 

(250) Mechanical Energy Change = (Distance Change) * (Average 
Force) 

That is (Fig. 337), if it requires a force of 20 lb. to pull a weight, W, 
along a horizontal surface and the weight is pulled a distance of 40 ft. 
then: the energy expenditure = 20 X 40 = 800 ft.-lb.; this 800 ft.-Ib. of 
energy is represented by the area of ABCD shown in Fig. 337-I7. Also: 


(251) Mechanical Energy Change = (Volume Change) * (Average 
Pressure) 
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That is, if the expanding steam in the engine cylinder, C, of Fig. 338 
moves the engine piston, P, through a volume of 1.8 cu. ft. and the mean 
effective pressure from B to H (as determined with a steam-engine 
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Fie, 337.—Showing how the product of two factors “force’’ and “‘distance’’ equals 
“mechanical energy’’ and how they may be employed in representing mechanical energy 
as an area. 


indicator) is 10,282 lb. per sq. ft., then the mechanical energy expended 
by the steam (Sec. 99) will be: Hxternal work = pressure X change in 
volume = 10,282 X 1.8 = 18,507 ft-lb. (The work done, if any, in 
pushing the exhaust steam out of right end of the cylinder, L, is here 
disregarded.) This energy expenditure—18,507 ft.-lb.—is represented 
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By Expanding Steam I-Energy Chart 


Fia, 338.—Showing how the product of two factors ‘pressure’? and ‘‘volume’”’ 
equals ‘‘mechanical energy’’ and how they may be employed in representing mechanical 
energy as an area, 


by the shaded area ABEHD within the diagram of Fig. 338-I7. This is 
similar to any steam-engine indicator diagram for 14g areyolution. Also, 
in similar manner, it can be demonstrated that: 


(252) Hydraulic Energy Change = (Weight of Water Change) X 
(Average Height) 
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And also: 
(253) Electrical Energy Change = (Quantity of Electricity Change) X 
Average Voltage) 
And, it can also be shown that for both of these forms of energy—Fors. 
(252) and (253) above—that the product of the two factors may be 
represented by an area. Now heat is also a form of energy and, likewise, 
any change in it is the product of two factors and may be represented by an 
area. As above stated, one of these factors is average absolute tem- 
perature; the other is called entropy. 


Thus: 
(254) Heat energy change = (Entropy change) X (Average Abs. Temp.) 


The following example (Fig. 339) illustrates the application of the 
above equation. Exampie.—In Fig. 339-I the 1 lb. of water, L, is at 
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Fic. 339——Showing how the product of two factors ‘‘absolute tempcrature’’ and 
“entropy’’ equals ‘‘heat energy’’ and how they may be employed in representing heat 
energy as an area. 


212° F. (672° F. abs.). Now, heat is added until all of this water is 
vaporized into 1 lb. of steam V, at 212° F. (672° F. abs.) and atmospheric 
pressure. Compute, using entropy and absolute-temperature values, 
the heat energy which has been added as heat to the water, L, to thus 
vaporize it into steam, V, and also represent as an area on a graph this 
added heat energy. Soturion.—Now from Steam Table 394, hori- 
zontally opposite ‘'212° F.,” it is found that the entropy of 1 lb. of the 
liquid—water—is 0.311,8; also it is found that the entropy of 1 lb. of the 
vapor, V (steam) at 212° F. is 1.756,5. The temperature does not change 
while a liquid is being vaporized (Sec. 322); hence: The average absolute 
temperature = 212 + 460 = 672° F. abs. Therefore, to produce this 
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vaporization: The heat energy transfer = (Entropy change) X (Av. abs. 
temp.) = (1.756,5 — 0.311,8) X 672 = 1.444,7 x 672 = 970.8 B.t.u. 
This heat energy transfer is shown graphically in Fig. 339-J7 in which 
the shaded area ABCD is equivalent to the heat energy which was 
transferred. 

The discrepancy between this value ‘‘970.8”’ and that given in Steam 
Table 394 of ‘‘970.4” is due to the usual assumption which was made 
in this example, that absolute zero is at —460° F.; actually it is at 
—459.6° F. instead of as given in the example. 

This (Fig. 339) illustrates the simplest form of temperature-entropy 
problem—but the general principle which it discloses holds for all 
temperature-entropy problems. The example of Fig. 339 is simple 
because the temperature AB remains constant during the heat transfer. 
Except during changes of state (Fig. 339 for example) and during iso- 
thermal expansions, the temperature does change while heat energy is 
being transferred, as heat. When the temperature changes during 
heat transfer, the line on the corresponding temperature-entropy graph, 
which corresponds to the line AB Fig. 339, is not generally straight but 
becomes a curve. This is further explained hereinafter. 


371. A Good General Definition of Entropy Change is 
heat-energy transfer to or from a substance, per degree of average 
absolute temperature. By ‘‘heat-energy transfer”? is here 
meant energy which is transferred, as heat, from the substance 
to some external object, energy which is transferred, as heat, 
from some external source to the substance, or heat which is 
transferred within the substance itself due to friction of the 
substance. As is explained in the following note, entropy 
does not recognize heat energy which is due to external work. 
Also, the ‘“‘average absolute temperature,” as will be shown, 
must be determined in accordance with certain rules; it is 
the average of all of the absolute temperatures to which the 
substance has been subjected. It is not merely the mean of the 
initial and the final temperatures. 


Note.—Entrory Is A Propprry Or Sussrances AnD Dozrs Nor 
CHaner Wuern Internat Enercy Is TransrormMep Intro ExTerNab 
Worx.—lIf the substance at some definite condition is assumed as a 
starting point, it can be proved that, in passing to a second condition 
during a condition change, the entropy change will have a certain value, 
regardless of how the change was effected. This would not be true of 
the work done or heat added during the change. Since entropy change 
is dependent only on the initial and final conditions of the substance, it 
follows that entropy is a property of the substance. 
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Now, when internal energy is transformed into external mechanical 
work during a frictionless adiabatie (or isentropic, Sec. 385) condition 
change (no heat being interchanged between the substance and external 
objects, and no heat being generated by friction of the substance), there is 
no entropy change because there is no heat transfer. But, since internal 
energy is transformed into external work, the total heat (Sec. 108) of the 
substance must be reduced. Hence, entropy does not recognize heat 
energy which is due to external work. 


* 372. Entropy Is Imperceptible To The Senses; its effects 
cannot be measured with instruments. Entropy values can 
be determined only by computation. The values of all other 
thermal properties of substances, such for example as tem- 
perature and pressure, can be measured with instruments. 
For these reasons, the significance of entropy may be difficult 
to understand. But if an entropy value is thought of merely 
as a previously determined multiplier, factor, or coefficient, 
which varies with the thermal condition of a substance, then 
the entropy,idea should give no trouble. It is really not 
necessary—but it is desirable—to understand what entropy 
is, in order to use entropy values. In practice, values for 
entropy changes are usually taken from vapor-property 
tables (which practically always give entropy values for 1 lb. 
of the substance) ; for examples see Tables 394 and 395. 


Notr.—Any Supstance Wuicu Contains Hear Witt Have 
Entropy.—Howeyver, it is a fact that the entropy idea is employed most 
frequently in connection with discussions of the thermal performance of 
gases and vapors—for which reason the treatment of entropy for the 
present book is included in this division. Another reason for the intro- 
duction of this treatment here is that it is desirable to understand 
“entropy”’ before using the entropy values which are given in the follow- 
ing tables of vapor properties. 


373. The Principal Uses Of Entropy are: (1) It renders 
possible the representation as an area on a graph, the heat 
energy which is transferred, as heat, to or from a substance. The 
diagrams (see Fig. 339-I/I and following similar illustrations) 
which represent heat as an area are called temperature-entropy 
diagrams. These diagrams are useful in picturing the heat- 
energy transfers and cycles (see Div. 12) which occur in an 
engine or during any desired vapor or gas process; they provide 


a graphic presentation of the ideas which are involved and 
22 
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relieve the mind of the necessity of holding, or of endeavoring 
to follow, a multitude of simultaneous conceptions. Tem- 
perature-entropy diagrams are ordinarily of little or no use 
to the practical operating engineer. (2) It renders possible 
the plotting of heat-entropy charts (Fig. 343) and temperature- 
entropy charts. From these charts the values of the various 
properties of the vapor, as the values change during friction- 
less adiabatic (isentropic) expansions, (Sec. 385) may be 
read directly. These changes in properties could not be plot- 
ted in this way on the charts without employing entropy— 
and they could not be determined except from the charts or by 
employing entropy without many complicated calculations. 
374. The Absolute Entropy Of A Substance at any condition 
would be the total heat energy transferred to it, as heat, per 
degree of average absolute temperature to bring it to that con- 
dition. This ‘‘degree of average absolute temperature” 
would be the average of all of the absolute temperatures which 
the substance experienced from the condition of zero heat 
content up to the temperature of the stated condition. But it 
is impossible to determine the absolute entropy of a substance 
—in fact, it is always infinite—because nothing definite is 
known concerning the total heat contents of substances, or 
of their specific heats at very low temperatures. However, 
this does not affect the usefulness of entropy. In practice 
it is, as will be shown, changes in entropy at the temperature of 
practice that are always of interest, rather than absolute 
entropy. Only changes of entropy enter into heat transfers. 


Notr.—Ture Zmro Or Enrrory, In Dating Wirn Vapors, is 
arbitrarily taken as the absolute entropy—whatever it may be— 
of the liquid substance at 32° F. That is, the change that the entropy 
of a vaporous substance undergoes during any process wherein its condi- 
tion is changed from the liquid state at 32° F., is said to be its entropy at 
the end of the process (at its final condition). The liquid state at 32° F., 
since it has been taken as the starting point or arbitrary zero of heat con- 
tent (Sec. 108), is also for this reason a very convenient starting point 
for the measurement of entropy. Understand that this 32° F. is, for 
entropy, also an arbitrary or selected starting point. 


Norn.—“Assotute Entropy” SHoutp Not Br Conrusep WitTH 
‘““Toran Enrropy.”—Total entropy (symbol np or ng), as given in the 
vapor-property tables, is generally understood to mean the sum of the 
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entropy per pound of the liquid, nz; the entropy per pound of vaporization, 
ny; and the entropy per pound of superheat, ng if any —all measured 
from the arbitrary zero asstated above. Two or all three of these entropy 
values are usually given in tables of vapor properties; see Table 394 for 
example. 


375. The ‘“‘Change In Entropy’? Of A Substance, between two 
thermal conditions, vs the heat energy transferred to the substance, 
as heat, per degree of average absolute temperature between the 
two conditions. Or, in other words: The change in entropy 
between two thermal conditions is a value such than when it is 
multiplied by the proper average of all of the absolute tempera- 
tures which the substance experienced during the heat transfer 
between the two conditions, it will give as a product the total 
heat energy added to or abstracted from the substance—as 
heat—during the transfer. See also the notes and explana- 
tions below. 

376. The General Formulas For Entropy Change during a 
heat transfer (their derivation follows from the definitions 
given In Sec. 375) are: 


(255) Q = (B.t.u. per lb.) 
Ta 
or 
(256) n = 2 (B.t.u. per lb. per avg. abs. ° F.) 
A 
and 
(257) T, = 2 (average abs. ° F’.) 


Wherein: Q = heat-energy change, as heat, per pound of the 
substance during the heat transfer. T, = average absolute 
temperature, during the heat transfer; that is; the average of 
all of the absolute temperatures to which the substance has 
been subjected during the transfer. n = change in entropy 
during the heat transfer. Note that Q may be expressed in 
any heat-energy unit and that T, may be expressed in any 
absolute-temperature unit, then the entropy change, n, will 
be in terms of the quotient of these two units. But when Q 


is in British thermal units per pound and Ty, is in average 
absolute degrees Fahrenheit, then n will be in British thermal 
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units per pound per average absolute Fahrenheit degree, as 
indicated after each of the above equations. 


Nots.—Entropy Recognizes Onty Enpray Wuicu Is AppED OR 
Asstractep As Hrat—because of the definition of entropy. It does not 
recognize energy which is added to a substance by mechanical work being 
done on the substance, in spite of the fact that such energy may ulti- 
mately be converted to heat within the substance. Nor does entropy 
recognize energy which is lost from a substance by virtue of the doing of 
mechanical work by the substance. Thus, during the frictionless adia- 
batic isentropic, Sec. 385, expansion or compression (Sec. 388) of a vapor 
or a gas there is no change of entropy of the vapor or gas. If mechanical 
work is done in compressing a gas, adiabatically and without friction, 
the temperature of the gas will be increased thereby but the entropy of 
the vapor or gas will not be changed during the process, because no heat 
energy is added as heat. Similarly, when a vapor or gas expands adia- 
batically and without friction it will do mechanical work but there will be 
no change in entropy because in the process no energy has been lost as 
heat. (It is apparent then that entropy recognizes only vibration heat, 
Sec. 97, and disgregation heat, Sec. 98; it does not recognize external- 
work heat.) 


377. How The Value Of The Change In Entropy For A Heat 
Transfer May Be Determined will now be explained in con- 
nection with Fig. 340. Entropy-change values seldom, if 
ever, have to be thus computed in practice because they are 
given in the vapor tables. The following approximate method 
is presented only to insure that the reader may have a better 
conception of the entropy idea. It is not given as a method 
to be followed in practice. 


ExpLANATION.—For simplicity consider 1 lb. of a substance which is 
assumed to have a specific heat of ‘1.’ Assume that it is heated from 
32° F. (492° F. abs.) to 352° ’. (812° F. abs.). Assume that the state of the 
substance does not change. It will be shown (Fig. 340) how the entropy 
of this substance increases as the heat energy is added to it, as heat, in 
10 B.t.u. increments. The first 10 B.t.u. of heat which is added will, 
since the specific heat is “‘1”’ raise its temperature by 10° or from 492° F. 
to 502° EF. abs. as indicated at D, Fig. 340. Now, by For. (256): n = 
Q/Tu. The heat energy added, Q, is 10 B.t-u. During this addition, 
the average absolute temperature may, since the increase in temperature 
for each increment is small, be taken as 44 (initial temperature + final 
temperature), for each increment. Hence: Ty = (492 + 502) + 2 = 
497° F. abs. Therefore, n = 10 + 497 = 0.020,1 B.t.u. per lb. per avg. 
°F, abs. Now the distance AC is made to scale equal to 0.020,1. The 
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area, 1, (Fig. 340) will then be equivalent to the 10 B.t.u. of heat which 
was added—because: 0.020,1 X 497 = 10 B.t.u. 

Similarly, the next heat-energy addition of 10 B.t.u., which will raise 
the temperature of the substance from 502 to 512° F. abs., will be repre- 
sented in Fig. 340 by the area 2. Thus: n = Q/Ty, = 10 + [(502. + 
512.) + 2] = 10 + 507 = 0.019,7 B.t.u. per lb. per ang. ° F. abs. “There- 
fore, area 2 is layed out 0.019,7 entropy units wide. 

In like manner, the change in entropy due to each successive 10- 
B.t.u. heat-energy increment can be found and plotted on the graph. 
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Fic. 340.—Illustrating the method of computing entropy. 


Now note that while the areas of each of the strips 1, 2,3 . . . 31,32 
are equal, and that each is equivalent to a heat addition of 10 B.t.u., the 
widths of the strips decrease toward the right. It is obvious that this 
decrease is necessary because, since the heights (temperatures) of the 
strips increase as heat is added, the widths of the strips must decrease 
if their areas are to be all equal. The total entropy change for this 
total heat addition of 10 X 32 = 320 B.t.u. is 0.5 B.t.u. per avg-° F. 
abs., as shown by the distance AB. 

It should be understood that the method above described is an approxi- 
mate one. Its degree of accuracy is determined by the smallness of the 
heat increments—the smaller the increments the more accurate the 
result. By applying the calculus the heat increments may be made 
infinitely small, whereby the entropy change can be determined with 
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absolute accuracy. The small error which results from the application of 
the method of Fig. 340 is due to the assumption that the short line con- 
necting any two temperature increment points on the curve DE, is a 
straight line—whereas actually it is a curve. 

Norr.—Curance In Entropy For Cuance Or Strate is exactly equal 
to the heat transfer divided by the absolute temperature at which the 
change of state occurs. This follows since the temperature always 
remains constant (Sec. 96) during a change of state, under which condi- 
tion the ‘‘average temperature’? must equal the constant temperature 
which obtains during the change. That is, for a change of state: 


(258) n= 2 (B.t.u. per lb. per °F. abs.) 


378. Temperature-entropy Diagrams Show Heat Energy 
As An Area.—In the temperature-entropy diagram for steam 
shown in Fig. 341, all of the heat-energy transfers required 
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Fria. 341.—Temperature-entropy diagram showing the heat energy which must be 
added to change 1 lb. of ice into 1 lb. of superheated steam, comprising: (1) Heating the 
solid. (2) Melting the solid. (3) Heating the liquid. (4) Vaporizing the liquid. (5) 
Heating the vapor, called ‘tsuperheating.” 


to change 1 lb. of ice from near absolute zero (—460° F.) into 
steam at a constant pressure of 300 lb. per sq. in. abs. and then 
into superheated steam at 1,278° F. abs. are shown. The 
plotted values are taken from Steam Tables 394 and 395. 


[EXxpLANATION.—At absolute zero the ice would contain no heat. 
If heat is transferred to the ice its temperature increases, the relation 
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being shown by the path OA. The area, 1, under this path, OA, repre- 
sents the amount of heat-energy transfer required to heat the solid ice to 
the temperature at A. When A is reached, which is at 32° F. (492° F. 
abs.) any further addition of heat does not increase the temperature of 
the ice but causes it to melt—to change state. This melting continues 
until all of the ice is melted and the point, B, is reached. The area, 2, 
under AB, represents the amount of heat transfer required to melt the ice. 

The addition of more heat causes the temperature of the substance— 
now water—to rise again at such a rate that the area under any portion 
of BC, as B’BTT’, represents the heat energy added during the change 
in temperature from 32° F. to the temperature 7. The area, 3, under BC 
represents the heat-energy addition which was necessary to raise the 
temperature of the water from 32° F. to 418° F., or 878° F. abs.—which 
temperature is that of steam at a pressure of 300 lb. per sq. in. abs. This 
area 3, therefore, represents the heat of the liquid for steam at the pres- 
sure 300 lb. per sq. in. abs. After the temperature C is reached, which is 
the boiling temperature of the water for the 300 lb. per sq. in. pressure 
exerted upon it, any further addition of heat does not increase the 
temperature but again changes the state; it vaporizes the water into 
steam. Point D is reached when all of the water has vaporized. The 
area, 4, under CD represents the heat-energy addition necessary to 
vaporize the water—latent heat of vaporization. Now, as more heat is 
added to the steam (which is under constant pressure), its temperature 
increases following the curve, DH. The area, 5, under DE, represents 
the heat-energy addition required to superheat the steam at a pressure 
of 300 lb. per sq. in. to the temperature H which is 1,278° F. abs. If more 
heat energy is added to the steam, the curve DE will continue to rise until 
the steam begins to dissociate into its component elements, hydrogen 
and oxygen. 


379. In Engineering, Only A Portion Of The Complete 
Temperature-entropy Diagram Is Used, as shown in Fig. 
342. Since in engineering we are not concerned with vapors 
in the solid state only a part of the complete temperature- 
entropy diagram, which is shown in Fig. 341, is necessary 
to represent the heat transfers of vapor practice. The part 
which is most frequently used is that to the right of BB’ in 
Fig. 341 or that shown in Fig. 342, that is only that part which 
concerns temperatures above the melting point. 


ExpLaNnation.—In both illustrations, (Figs. 341 and 342) the 
same path is shown: BCDE. The area BCDEHE’B’ under this path 
represents the total heat energy required to change water at 32° F. to 
highly superheated steam (under a constant pressure of 300 lb. per 
sq. in. in abs.). This area represents the total heat as given in Steam 


344 PRACTICAL HEAT [Drv. 11 


Table 395. The line BHJL (Vig. 342) represents the temperature- 
entropy path under a different pressure, 50 lb. per sq. in. abs. When 
more than one heating process is represented on the temperature-entropy 
plane, the resulting figure is called a chart. Such paths as BHJL and 
BCDE are called constant-pres- 
sure lines. The chart shows 
that, for different pressures, the 
heat of the liquid, the latent heat 
of vaporization, and the heat 
required to swperheat, all are 
different. 

Notrs.—THE Curvep LINE 
DM Is Cauttep THE “Dry 
Stram Ling” (Fig. 342). It 
connects all points in the 
various constant-pressure lines 
which represent dry steam at 
the various temperatures (pres- 
sures). The water line, BC, 
and DM would intersect at the 


r 1 1 { ' 
9 H_|C Dj JIE iL critical temperature, if th 
BO 02 04 06 08 10 L2 I4 16 18 20 ae y a 
Entropy- Bitu, Per Av, Abs.F. Degree were extended upward. It 


should be remembered that 
this line DM is used for 
convenience to connect dry- 
saturated-vapor points; strictly, it is not a part of the temperature- 
entropy diagram and does not represent a physical process. 

Note.—Txue Linn CD Is Not Onty A ‘‘Constant TEMPERATURE 
Ling” But Is Atso A “Constant PrEssuRE LInB”’ (Fig. 342). To the 
right of the point D the constant pressure line is not horizontal but is a 
rising curve, since at D the steam starts to become superheated. 


Fie. 342.—Temperature-entropy chart for 
1 lb. of steam. 


380. The Values For The Entropy Of Vapors At Different 
Conditions Are Given In The Vapor Tables (Table 394) 
with the other vapor properties. Besides the total entropy there 
is also usually given the entropy of the liquid and the entropy of 
vaporization. The entropy of the liquid is graphically repre- 
sented by the distance n, (Fig. 342) and the entropy of 
vaporization by the distance ny, for the given pressure. The 
total entropy for dry saturated steam is represented by the sum 
of the two or by the distance nr. The total entropy of swper- 
heated vapors is given in the tables of superheated vapors 
(Table 395) and is represented by nrs in Fig. 342. The 
entropy of superheat (ns, Fig. 342) fora given degree of 
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superheat can be obtained by subtracting the entropy of dry 
saturated vapor, which is at the same pressure as the super- 
heated vapor, from that of the superheated vapor. 

381. The Total Entropy For A Wet Vapor Cannot Be 
Obtained Directly From The Vapor Tables.—It can, however, 
be calculated when the quality of the steam is known by the 
following formula: 


(259) Ny =n,+xny  (B.t.u. per lb. per avg. abs, ° F.) 


Wherein: ny = total entropy for 1 lb. of wet vapor. ny, = 
entropy for 1 Ib. of liquid at the same pressure, as taken from 
the vapor-property table. ny = entropy of vaporization for 
1 lb. of vapor at the same pressure, as taken from the vapor 
property table. x = quality of the vapor expressed decimally. 
The application of this formula is illustrated in following 
Probs. 4 and 5, see appendix for solutions, 


DerrvaTioy.—In any temperature-entropy diagram showing the 
vaporization of a liquid: Entropy change of vaporization = (Latent heat of 
vaporization) + (Absolute temperature). Thus in Fig. 342, ny = (Latent 
heat of vaporization of the dry steam) + (Absolute temperature). When the 
vapor is wet all of the latent heat of dry steam is not used but the tem- 
perature remains the same as that of dry steam. Hence, when the vapor 
is wet, the entropy change of vaporization will be less than that for dry 
steam and D will (Fig. 342) move to some point X. Consequently, 
for wet steam: “he Entropy change, CX = (Latent heat of vaporization 
of wet steam) + (Absolute temperature). Since, as stated above and as is 
evident from Fig. 342, the “ Absolute temperature” is the same for both 
of the two above equations, it is evident that: 


CX _ Latent heat of the wet steam 


ny Latent heat of the dry steam 


(260) 


Now (see Sec. 366) if x represents the quality expressed decimally, then: 


(261) Latent heat of the wet steam _ 
Latent heat of the dry steam 
Hence, substituting in For. (260) the equivalent from For. (261) 


there results: 
(262) = == ohn OD Sanh 
ny 
Now, as is evident from Fig. 342, the total entropy change of the wet 
vapor, which will be here designated by nw, equals the sum of nz + 


CX hats: 
(263) Ny = ny, + CX 
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Now, substituting in For. (263) the equivalent for CX from For. 
(262), there results: 
(264) Dw = nz + xny 

Which is the same as For. (259). 

Nore.—TuHEe Quauity Can Br Dertrerminep, Ir nz AND nz ARE 
Known.—For, by transposing For. (259), we obtain: 

Nyw—Dz 
(265) = eS 

This is the relation which is useful in determining the quality of a vapor 
after a frictionless adiabatic (isentropic) expansion. In a frictionless 
adiabatic expansion ny is known and nz can be found from the vapor 
tables. The quality can also be obtained directly from the chart of 
Fig. 348. The application of this formula is illustrated in following 
Prob. 5; see appendix for solution. 


(decimal. ) 


382. The “Temperature-entropy” And The ‘‘Mollier” 
Or ‘“Heat-entropy” Charts Are Graphs Which Show The 
Principal Properties Of A Vapor; see Fig. 348. Thus, the 
properties of a vapor can be represented on a graph for which 
entropy and temperature, or entropy and some other prop- 
erties are employed as coordinates. These charts are 
especially useful in frictionless-adiabatic-expansion calcula- 
tions. The employment of entropy in plotting these charts 
is, as explained in preceding Sec. 373, its most important 
practical application. The temperature-entropy chart is 
merely a combination of many temperature-entropy diagrams 
as shown in Tig. 841. The Mollier diagram or heat chart 
(Fig. 343) uses entropy and total heat content as coordinates 
and, since in practical computations the total heat-content 
is generally desired, this is the most frequently used and the 
more convenient chart. From it the heat content, in British 
thermal units, can be read off directly. The heat-entropy 
chart resembles the temperature-entropy chart; it has the 
same lines only they have a different slope. It is, as is 
explained below, plotted in a manner similar to that employed 
for the temperature-entropy chart. In steam practice only 
the upper right-hand portion of a diagram such as that of 
Fig. 344 is needed in calculations; therefore, this is the only 
portion reproduced in the practical charts. 


ExpLaANATion.—A Herat-entropy Or Mouiier CHart May Br 
ConstrucTeD In Top Fottowina Mannur.—For this chart (Fig. 348), 
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total heat and entropy are the two coordinates used and they should be 
plotted at right angles. Fig. 344 illustrates the process. The plotted 
values are from Steam Table 394. When the heat content is zero, the 
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Fie, 343.—Total heat-entropy chart for steam. 


entropy is zero. The usual practice of assuming an arbitrary zero, or 
datum for heat content and entropy, at 32° F. (Sec. 374) is here fol- 
lowed. Thus, the state of zero entropy and zero heat content starts at 
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O (Fig. 344), with water at 32° F. As heat is applied the entropy 
increases, the state point moves along the liquid or water line OA which 
is similar to that of the temperature-entropy diagram, BC Fig. 342. 
This line, OA, is obtained by plotting the heat-of-the-liquid values against 
the corresponding entropy-of-the-liquid values, as obtained from Steam 
Table 394 for various pressures. When evaporation begins as at A, the 
entropy increases in direct proportion to the heat added, so the evapora- 
tion line AB is straight. The point B is obtained by plotting the value 
of the total heat of dry saturated steam at 300 Ib. per sq. in. abs. against 
the value of the corresponding entropy; both values are from Steam 
Table 394. During superheating, the entropy increases from B to C but 
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Fia. 344.—Showing how a heat-entropy or Mollier chart for steam is constructed. 


not in direct proportion to the heat added, so the line BC, has a slight 
curvature. The line BC is obtained by plotting the values of the total 
heat of superheated steam against the corresponding entropy values for 
various degrees of superheat, but all at 300 lb. per sq. in. abs. pressure. 
These values are all obtained from Steam Table 395. The path followed 
OABC is the line of constant pressure. 

Other constant pressure lines may be similarly drawn, such as ODEF 
and OGHJ. The points B, H, and H, which represent dry saturated 
steam on the various constant-pressure lines, are then connected by the 
line BH. ‘This line is the 100 per cent. quality line or saturation line. 
It is the dividing line between the wet-steam region, the area below it, 
and the superheated-steam region, the area above. 

The point, K, is chosen on the line AB so that the distance A K, divided 
by the distance AB equals 0,90; similarly, points are located on the other 
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constant-pressure lines. These points are then connected by the line 
KL, which is the 90 per cent. constant-quality line. Other constant 
quality lines may be drawn, such as MN. 

Lines connecting points all of which have the same degree of super- 
heat but which are located on the different constant-pressure lines are 
ealled lines of constant swperheat. Such a line for 100° superheat is shown 
at PQ. 

Horizontal lines on Fig. 344 represent constant heat content, and 
vertical lines constant entropy. Frictionless adiabatic (isentropic) 
processes are represented by the latter (see Sec. 385). The upper right- 
hand portion of Fig. 344, which is shown cut out by the dotted lines, is all 
that is reproduced in a practical heat-entropy chart (Fig. 343) because 
the remaining portion of Fig. 8344 would never be used. Lines of constant 
volume may be, but seldom are, plotted on the same chart with the 
properties of Fig. 344 because too many lines on one chart make it difficult 
to read. 


383. There Are An Infinite Number Of Ways In Which A 


Vapor Can Expand Or Be Compressed just as there are an 
infinite number of wavs in which a gas can expand or be com- 
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Fic. 345.—Showing characteristic temperature-entropy graphs for adiabatic (isentropic). 
isothermal, constant-pressure, and constant-volume processes. 


pressed (Div. 8). Of this infinite number, only three ideal 
ways (Fig. 345), a knowledge of which is useful because close 
approximations of them occur in practical heat phenomena, 
will be treated here. 


Nots.—In A Sensp It May Br Consipprep THat THEere ARE ONLY 
Two FuNDAMENTAL Ways In Wuicu A Varor Or Gas Can EXpanp. 
(1) Isothermal or at constant temperature, Fig. 345-IJ. (2) Isentropic, 
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Sec. 385 or at constant entropy, Fig. 345-7. All other expansions lie 
somewhere between these two as limits and all others, may in a sense be 
considered as the simultaneous occurrence of these two in various com- 
binations. The slope of any expansion line, as FG (Fig. 345), is deter- 
mined by the specific heat of the substance under the given conditions. 


384. The Expansions Of Vapors, Close Approximations 
Of Which Ordinarily Occur In Practice are: (1) Frictionless 
adiabatic (isentropic) expansion. (2) Constant-pressure expan- 
sion. (38) Constant-heat-content expansion or throttling. These 
are ideal ways of expansion for various processes and while 
they are in these certain processes generally closely approxi- 
mated in practice, they are never actually obtained. The 
characteristics of these ideal expansions are given in the follow- 
ing sections. 


Notre.—Tue Linz Or Constant VoLuME, sometimes called the con- 
stant-volume expansion line JK, Fig. 345-7V, does not really represent 
an expansion since no change in volume takes place. However the area 
IJKL does represent the heat-energy transfer necessary to raise the tem- 
perature of the vapor from J to K at constant volume. ‘This line, JK, 
is the dividing line between compressions and expansions. Any line 
drawn through a point, as J, so that if falls (no matter what its direction) 
to the lower right of the constant volume line JK represents some 

expansion process. Likewise 
2--Volume Scale any line through J falling to 
the upper left of JK represents 
some compression process. Any 
number of both such lines are 
possible for various expansion 
and compression processes. 

385. An Isentropic Or 
Frictionless Adiabatic 

oe Expansion Of A Vapor is 

Fria. 346.—Representing an adiabatic isen- 5 . ; 
tropic expansion of water vapor—steam. (The that expansion 1n which 
expansion is rapid. Work is done by piston P. (Fig. 346), the entropy of 


The insulating material prevents transfer of < 
heat, as heat, during the expansion, An indi- the vapor remains con- 


cator, I, gives a deflection proportional to the stant: it is a constant- 
pressure. ) y 


ywPressure Scale 
' 


Zz 


Insula Hing Material 


Stearm- 1 
more teramate! ; 


entropy expansion. On a 
temperature-entropy diagram (or on a heat-entropy dia- 
gram), it is represented by a vertical straight line (MN, 
Fig. 345). During this expansion the vapor does mechanical 
work but receives or gives off no heat energy, as heat, from or 
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to external sources or due to internal friction during the expan- 
sion. This expansion corresponds to the frictionless adiabatic 
expansion of a perfect gas as defined in Sec. 272. An isentropic 
expansion is often called simply “‘an adiabatic’ expansion, but, 
strictly speaking, this term is not correct. The term “adia- 
batic’? may mean a whole family of changes in which no heat 
transfer to or from external objects takes place; the isentropic 
expansion is but one of these. The isentropic expansion is 
generally assumed as the ideal for vapor engines (Div. 12) 
because, as shown below, it is the expansion during which the 
greatest possible amount of the heat energy in a substance at a 
given temperature is converted into external work. Isentro- 
pic expansions are approached in the steam-engine cylinder 
and in the steam-turbine nozzles. 


EXPLANATION.—That the maximum heat energy will be converted into 
mechanical work by an isentropic adiabatic expansion will be evident 
by referring 40 Fig. 347. The line AB represents, to scale, the isentro- 
pic expansion of 1 cu. ft. of dry 


saturated steam at 308° F. until its a" 

temperature falls to 162° F. By Sec. es 

262, (Division 8) the shaded area 5% 

under AB represents the work done 5 

by the steam during its expansion. {95 tal 
Suppose that another expansion, dur- 3 + ee" aa 
ing which heat is abstracted from the a z ae Saumun, 
steam, is represented by another line OT BeAr Be Le a how 


Volume-Cu.FT. 


AC, Then AC must fall to the left 
of AB because, at any pressure during : : 

: : showing that an isentropic expansion 
the expansion the quality of the steam, extracts (as external work) more heat 
and hence the volume, will be less than any other expansion during which 
than during the isentropic expansion no heat is added to the substance. 
= because of) the extracted heat, ‘ce. 8P2s ere drawn for (steam ex 

: _ panding to 162° F. from the dry 
Hence the area under any such €X- saturated condition at 308° F. 
pansion graph (shaded dark) will be 
less than that under AB—less work will be done than by the isentropic 
expansion. ‘The only way that the expansion graph could be made to 
fall to the right of AB would be by adding heat during the expansion 
process. As will be explained (Div. 12), this would be a less efficient 
process. Therefore, the isentropic expansion is often taken as an 
“Gdeal” in heat-engine calculations. 
Nors.—TuHe Conpirion CxHaners Wuicn AccomMpaANy ISENTROPIC 
Expansions Or Vapors may be read from their temperature-entropy 
diagrams which show that constant-entropy or isentropic expansion of 


Fie. 347.—Pressure-volume graphs 
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dry vapor causes wetness; of superheated vapor, causes loss of superheat; 
and of very wet vapor causes drying. ‘Thus, from Fig. 342, it is evident 
that the isentropic expansion of dry saturated water vapor (steam) from 
any pressure, as for example downward along DD’, will result in wet 
steam (Sec. 355), This is because any point below the saturation line, 
DM, lies in an area which represents wet steam. It is also similarly 
evident that the isentropic expansion of superheated steam at any 
pressure and degree of superheat, such as represented by a path downward 
along HE’, results in a loss of superheat and if the expansion is continued, 
wet steam will likewise result. For wet steam with a quality less than 
about 50 per cent., the quality lines (Sec. 382) slope in the same general 
direction as the water line, BC. Hence, if an isentropic expansion starts 
with very wet steam (a quality of less than about 50 per cent.) drier 
steam will result. That is, following downward along the line CC’ 
(Fig. 342), the quality of the steam increases. Hither is an exception to 
the first two of the above statements in that the isentropic expansion 
of its dry vapor causes superheat and the isentropic expansion of its 
superheated vapor causes greater superheat. 

Note.—To Drtrerminr From THm Heat-EnrropHy CuHart, Fie. 
343, Tap Quatity Or Stream Arter IsenTRopic EXPANSION, proceed 
thus. Suppose it is desired to find the quality of superheated steam after 
isentropic expansion from a pressure of 200 Ib. per sq. in. abs. and at 200° 
F, superheat to a pressure of 1.5 lb. per sq. in. abs. Start at the inter- 
section of the 200 lb. per sq. in. abs. constant pressure and 200° F. 
superheat lines. ‘Then follow vertically down the constant-entropy line 
until the 1.5 lb. per sq. in. abs. constant-pressure line is reached. The 
point thus located is between the 84 and 85 per cent. constant quality 
lines. The distance between the point and the 84 per cent. constant 
quality line is about 26 of the total distance between the 84 and 85 per 
cent. constant-quality lines. Thus the quality = 8426 or 84.4 per cent. 


386. Constant-pressure Expansion (lig. 345-JIJ), as the 
name implies, is expansion against a constant pressure. This 
is the expansion that takes place in a boiler when water is 
vaporized. It also takes place in a superheater where vapor 
is heated at constant pressure. It occurs in the cooling coil 
of a refrigerating plant. But the cooling coil in a refrigerating 
plant is analogous to the boiler and superheater in a steam 
plant, since in it the liquid absorbs heat from the room or body 
which is to be cooled. 


387. Constant-heat Expansion (Tig. 348) sometimes called 
“wire-drawing” or ‘throttling,’ as the name implies, means 
expansion during which the heat-content of the vapor does 
not change. It occurs when a vapor expands from a high- 
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pressure through a small crack or orifice to a lower pressure 
so that the only mechanical work done is that expended in 
overcoming friction. But this friction work merely heats the 
orifice and surroundings so the heat thereof is reabsorbed by 
the vapor. Thus the heat 
content per pound of vapor 
is the same after expansion as 
before expansion. 


High-Pressure 
Gage 
’ H igh 
: Terperature 


wLow-Pressure Gage 
v 


Ce 


bosrsrraas | REED 
 Sseiaeaen| ikea pod 


Exampies.—This constant-heat 
expansion occurs in the throttling 
calorimeter (Sec. 392). It takes 
place also to some extent in under- 
sized pipes and partly opened 


_High-Pressure 


is 


AGM {~ 


Insulating ' 


valves. It cannot be used ad- pype-jiy a 
vantageously in engines since in it ee ann ee see 


no heat is converted into work. It Heat Energy--* 


is employed in refrigeration (Sec. 
632) where the pressure on the 
refrigerant is lowered by permit- 
ting the refrigerant liquid which 
is under high pressure to expand 
through an orifice into a space 


Fia. 348.—Constant-heat or 
Thompson expansion, also called wire 
drawing and throttling. (The steam passes 
from the high-pressure, Gi, and tempera- 
ture, 171, conditions in, A, to the low- 
pressure, Gz, and temperature, 72, condi- 
tions in B, without loss of heat content. 


Joule- 


where the pressure is much lower. 


388. Compression Of Vapors Occurs Ordinarily In One Of 
Three Ways or in some combination of them: (1) Isentropic or 
constant-entropy compression. (2) Isodynamic or constant- 
internal energy compression. (3) Constant-pressure compression. 
As with the expansion of vapors (Sec. 383) there are an infinite 
number of ways of compression. Jsentropic compression is the 
reverse of isentropic expansion. In it, the largest possible 
amount of mechanical work is changed into heat energy but 
no heat is added to or abstracted from the vaporasheat. Thus 
the internal energy of the vapor is increased. Since in vapor 
compression it is not desired to change a maximum of mechani- 
cal work into heat, but instead to change a minimum of 
mechanical work into heat, adiabatic compression instead of 
being an ideal compression is the least desired of all compres- 
sions. IJsodynamic compression is that compression during 
which the internal energy in the vapor remains constant. This 


may (theoretically but not practically) be obtained by absorb- 
22 
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ing heat from the vapor with cooling water at the same rate 
as the mechanical work is done. It is the ideal compression 
for refrigerants as the mechanical work done during it in the 
compression from one state to another is less than that done 
during any other compression. Constant-pressure compression 
is the reverse of constant-pressure expansion; it is compression 
or contraction which occurs at constant pressure. This 
compression takes place in a condenser when a vapor is 
condensed. 

389. The Energy Relations During An Isentropic Process 
may be found from the following formulas which are derived 
as shown below. The pressure-volume relations may be 
computed from values found on the constant-entropy line 
on the total heat-entropy chart (Fig, 343). The energy 
relations are: 


(266) 0) = 0 (heat added) 
(267) Q=I-h (B.t.u. per lb.) 
(268) We = 778 (I, — I.) (ft.-lb. per lb. of vapor) 


(269) Wr = 778 (Hy = H,)+144(P.V2 = PV) 
(ft.-lb. per Ib. of vapor) 


Wherein: Q =the heat added during the process. Wz 
= the external work done by the vapor during the process, 
in foot-pounds per pound of vapor. Q; = the change in 
internal energy during the process, in British thermal units 
per pound of vapor. I, and Iz = respectively, the internal 
energy of the vapor at the beginning and end of the process, 
in British thermal units per pound. Hy,and H, = respectively 
the heat contents of the vapor at the beginning and end of the 
process, in British thermal units per pound. P; and Py» = 
respectively, the pressures of the vapor at the beginning and 
end of the process, in pounds per square inch absolute. 
V, and Vz = respectively, the specific volumes of the vapor 
at the beginning and end of the process, in cubic feet per pound. 


DeERIVATION.—Since, by definition, no heat is added to or abstracted 
trom the substance during an isentropic process, For. (266), which 
expresses this fact mathematically, must hold. Now, by For. (58), for 
any condition change 
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(270) OF" Or On (B.t.u.) 
Hence, by combining Fors. (266) and (270), there results 

(271) 0=Qr+ Qn (B.t.u.) 
or, by transposing 

(272) Qz = —Qr (B.t.u.) 


Now, it is evident that For. (267) expresses the value of Q;. Hence, by 
combining Fors. (267) and (272), there results: 


(273) Qe = -—(. —h) =l1—-I, (Batu) 
But, by For. (46), Wz = 778 Qz. Hence: 
(274) We = 778 (I, — I.) (ft.-Ib.) 


Now, For. (249) gives the expressions for I, and I; which, when substi- 
tuted in For. (274), give For. (269). 

ExamMpLe.—How much work is done by 1 lb. of steam in a steam- 
engine cylinder during its expansion from 150 lb. per sq. in. gage (dry 
saturated) to 29.3 lb. per sq. in. gage? Assume that the expansion 
is isentropic. SoLturion.—From Table 394, for 150 lb. per sq. in. gage: 
By 95 ORB tue perl ossnt pa—al Ol. os avin —e2a0o CU mtn per lbs 
Also, for 29.3 lb. per sq. in. gage: h = 242.0 B.t.u. per lb.; L= 929.2 
B.t.u. per lb. “nz = 0.400,2; ny = 1.268,1; Vp = 9.59 cu. ft. per lb. Now, 
since the entropy remains constant, the quality after expansion may 
be determined by For. (265), thus: x = (nw — nz)/ny = (1.561,5 — 
0.400,2) + 1.268,1 = 0.916. Hence, by For. (242), the total heat after 
expansion = Hw = h+xL = 242.0 + (0.916 + 929.2) = 1,093 B.t.u. 
per lb. Also by For. (245), the specific vulwme after expansion = Vy = 
xVp = 0.916 X 9.59 = 8.78 cu. ft. per. lb. Now, by For. (269), the 
work done =Wr=778 (Hi — He) +144 (P2V2 —PiVi) = 778 X 
(1,195 — 1,093) + {144 x [(44 X 8.78) — (164.7 X 2.753)]} = 793,500 — 
96,800 = 696,700 ft.-lb. 

ExaMpLe.—How much work is done on 1 lb. of ammonia vapor of 
quality 0.80 and at 30 lb. per sq. in. abs. in compressing it isentropically 
to 4 its volume? Sotutrion.—Values for the several properties are 
taken from Table 399. By For. (259), the entropy = nw = nz + xny 
= —0.070,9 + (0.80 XK 1.244,9) = 0.925,0. By For. (245), the specific 
volume before compression = Vw = XVp = 0.80 X 9.19 = 7.35 cu. ft. 
per lb. Hence, the specific volume after compression = V2 = V,1/4 = 
7.385 +4 = 1.838 cu. ft. per lb. By trial, using Fors. (247) and (259), 
it is found that a specific volume of 1.838 cu. ft. per lb. corresponds at 
at 80° F. to a quality of 0.949 and an entropy of 0.987,5; at 75° F. to a 
quality of 0.872 and an entropy of 0.921,0. Hence, the temperature 
after compression = 75 + 5 [(0.925,0 — 0.921,0) + (0.987,5 — 0.921,0)] 
= 75.3° F. Likewise, the quality after compression = 0.877 and the 
pressure after compression = 142 lb. per sq. in. abs. Hence, the total heat 
after compression, by For. (242), = Hw = h + xL = 48.3 + (0.877 X 
507.8) = 493 B.t.u. per lb. Likewise, the total heat before compression = 
Hw=h-+xL = —33.7 + (0.80 X 572.2) = 414.1 B.t.u. perlb. There- 
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fore, by For. (269), the work done = Wz = 778 (Hi — Hz) + 144 
(P2V2 — PiVi1) = 778 X (414.1 — 493) + 144 [(142 X 1.838) — (80 X 
7.35)] = —61,380 + 5,832 = —55,548 ft-lb. Hence, the work done on 
the vapor = 55,548 ft.-lb. 


390. The Energy Relations During A Constant-pressure 
Process are quite simple. Since total heats, Secs. 365 to 
367, represent heat additions at constant pressure they 
represent constant-pressure processes. Therefore, for con- 
stant-pressure processes the following formulas may be written: 


(276) Onesie u (B.t.u. per Ib.) 
(277) a WD ie = VS) (ft.-Ib. per Ib.) 


Wherein: Q = the heat added to the substance, in British 
thermal units per pound. Q, = the change in internal energy 
during the process, in British thermal units per pound. Wz, = 
the external work done by each pound of vapor, in foot- 
pounds. Hy, and H;, = the total heats, respectively, at the 
beginning and end of the process, in British thermal units 
per pound. I, and I, = respectively, the initial and final 
values of the internal energy of the vapor, in British thermal 
units per pound. P = the pressure of the vapor, in pounds per 
square inch absolute. V,; and V2 = the initial and final 
specific volumes of the vapor, respectively, in cubic feet per 
pound. 


ExampiE.—How much work is done by 1 lb. of steam as it evaporates 
in a boiler at 350° I’. and is superheated to 500° F.? How much heat is 
added? Souurion.—l'rom Table 393, the specific volume of water at 
350° F. is 0.018 cu. ft. per lb. From Table 395, by interpolating, the 
volume of 1 lb. of superheated steam at 134.6 lb. per sq. in. abs. and 150° 
I’. superheat is 4.15 cw. ft. per lb. Hence, by For. (277), the external work 
= We = 144 P(V2 — Vi) = 144 X 134.6 X (4.15 — 0.018) = 80,000 ft.- 
lb. Also, the total heat of the superheated steam is Hs = 1,272.2 B.t.u. 
per lb. and, the heat of the liquid at 350° F. is 321.4 B.t.w. per Ib. 
Hence, by For. (275), the heat added = H, — H, = 1,272.2 — 321.4 = 
950.8 B.t.u. per lb. 

EXxaMPLE.—How much heat must be abstracted from 1 lb. of dry 
saturated ammonia at 85° I’. in condensing it to the liquid state and how 
much external work is done by the ammonia in condensing? Sonurron. 
—By Table 299, P = 167.4 lb. per sq. in. abs. Vp = 1.788 cu. ft. per 
lo. Vz = 0.027 cu. ft. per lb. Hp = 557.9 Btu. per lb. h = 59.4 
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B.t.u. per lb. Hence, by For. (275), the heat added = Q = He — Hy 
= 59.4 — 557.9 = —498.5 B.t.u. per lb.; or, the heat abstracted = —Q = 
498.5 B.t.u. per lb. Also, by For. (277), the work done by the vapor = 
We = 144P(V: — Vi) = 144 X 167.4 X (0.027 — 1.788) = —42,450 ft. 
lb.; or, the work done on the vapor = —Wy = 42,450 ft.-lb. 
Nors.—Tse Enrrcy Renations Durtne THrottitine Anp Isopy- 
NAMIC PROCESSES are not required in engineering work. For a throttling 
process, as explained in Sec. 387, Q = 0, Wz = 0, and, therefore, Qr = 0 
For an isodynamic process, by definition, Qr = 0; hence Q = —W2/778. 


391. The Characteristics Of Water Vapor—Steam—Make 
It The Best Medium Of All The Vapors For Transforming 
Heat Energy Into Mechanical Work.—The water from which 
it is formed is the cheapest and most plentiful of all liquids. 
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Fie. 349.—Latent heat of vaporization in steam-engine operation. (C = condenser. 
H = hot well. S = sewer. V = vacuum pump. F = feed pump.) 


It is relatively non-corrosive and does not harm the interiors of 
boilers. The steam formed does not attack steel. It gives 
off no fumes that are harmful to the body. Another impor- 
tant property is that the water has a large latent heat of vapor- 
ization (see Sec. 323), almost twice that of any other vapor. 
This property of water makes it possible to transmit much 
heat (Fig. 349) with little liquid or vapor. The boiling 
temperatures of steam are fairly high with moderate pressures 
and since the efficiency of an engine depends on the tempera- 
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ture range through which it acts, this is a decided advantage. 
It is these characteristics of steam which have made it the one 
vapor used in preference to all others, for generating power. 


Norr.—Dry Saturatep OR SUPERHEATED STEAM Is COLORLESS 
AND TRANSPARENT as are the colorless gases. The fog (Sec. 343) which 
one sees issuing from a steam exhaust pipe or from the mouth of a person 
in winter is really not steam. Itis merely condensed water vapor—small 
particles of water—suspended for the moment in the atmosphere. 

392. The Quality Of Steam Can Be Determined By Means 
Of A Throttling Calorimeter (Figs. 350 and 351), providing 


the steam is not very wet—the lowest quality determinable by 


Thermometfers.. 
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Fria. 350.—Barrus throttling steam calorimeter. 


a throttling calorimeter ranges from about 94 per cent. at 300 
lb. per sq. in. abs. to about 96.5 per cent, at 100 lb. per sq. in. 
abs. In plants using saturated steam, it is desirable to know 
the quality of the steam because the pressure alone does not 
determine its heat content. When a throttling calorimeter is 
used, a sample of the steam is obtained by means of a sampling 
tube, S (Fig. 350), extending almost across the steam main in 
which it is desired to determine the quality. The sampling 
tube has a uniform arrangement of small holes so that a repre- 
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sentative sample is obtained. The admission of the sample 
is controlled by valve, V. The temperature of the incoming 
steam is measured by a thermometer 7). The steam then 
passes through a small hole or orifice, O, in the center of a 
circular plate, into the chamber, C, (Fig. 351). The orifice 
is so small (about 146 in. in 
diameter) that the steam pres- 
sure is reduced by it to prac- 
tically atmospheric — pressure. 
The pressure, P2, in C may be 
measured by a manometer, not 
shown, but it is generally only 
slightly more than atmospheric. 
The calorimeter is thoroughly 
lagged and, neglecting the small 
atmospheric rabiation loss, all 
the heat inAhe incoming steam, 
since no work is done by it, 
must be in the exhaust steam. ! 
Since the heat content of slightly 
wet steam at higher pressures is 
greater than that of saturated 
steam at atmospheric pressure, 
the exhaust steam will be superheated. When the calorimeter 
is in use, V is opened wide and the temperature of the exhaust 
is read from the thermometer T'. 

393. Table Showing Density and Specific Volume Of Water 
At Different Temperatures.—Abridged from “Steam Tables” 
by Marks and Davis (Longmans). 
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Fie. 351.—Section of Barrus throttling 
calorimeter in operation. 


Specific Density, ‘T’empera- Specific Density, 
Temperature, 
dogs Bake. volume, lb. per cu. ture, deg. volume, Ib. per cu. 
cu. ft. per Ib. ft. Fahr. cu. ft. per lb. iv 
40 0.01602 62.43 210 0.01670 59.88 
70 0.01605 62.30 250 0.01700 58 83 
100 0.01613 62.00 300 0.01744 67.33 
130 0.01625 61755 350 0.01800 55.57 
170 0.01645 60.80 400 0.0187 53.5 
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396. To Compute The Quality Of Steam From The Results 

Of The Throttling Calorimeter, use the following formula 
which is derived below: 
(278) a 1,050 + ee =a 
Wherein: x = the quality of steam, expressed decimally. 
T, = the temperature shown by the thermometer 7’, (Fig. 350) 
in degrees Fahrenheit. h = the heat of liquid corresponding 
to the temperature of the steam, 71, before passing through 
the orifice as shown by thermometer 7; (Fig. 350), in British 
thermal units per pound. L = latent heat of steam corre- 
sponding to Ti, the same temperature as for h in British 
thermal units per pound. 


(decimal) 


EXAMPLE.—Suppose the temperature of the entering steam, 71, 
is 355.8° F. and the temperature of the steam in the exhaust side of the 
calorimeter, 72, is 250.3° F. The pressure in the calorimeter chamber, 
C, is assumed to be practically atmospheric. What is the quality of 
the steam? SoxiutTrion.—By For. 278, the quality, x = (1,050 + 0.467 
—h)/L = (1,050 + 0.46 X 250.3 — 327.4)/865.4 = 0.969, or 96.9 per cent. 

Derivation.—As the calorimeter is well insulated and there is a 
sufficient flow of steam so that the heat loss in it may be neglected, the 
total heat of the steam will be the same before and after passing through 
the orifice. If the temperature of the wet steam before passing through 
the orifice is 71, the corresponding total heat of the wet steam (by For. 
242) =h + xL. If the steam is superheated after passing through the 
orifice, the total heat of the superheated steam (by For. 244) = Hp + 
CT's. Since the two are equal, h + xL = Hp + C7’s, and: 


(279) nee ee deanel 
Or: 
280) ee wee ee (decimal) 


L 


Wherein: 7's = 7’. — 7’; or the difference between the observed tem- 
perature and the temperature corresponding, in a steam table, to the 
observed pressure after passing through the orifice. When a pressure 
corresponding to a temperature of about 213° F. is obtained on the 
atmospheric side of the orifice, the atmospheric values for Hp, C and 7; 
may be substituted and For. (280) becomes: 
dj a) = 
ey 2 ne UES 213) —h ideciaat 


And simplifying: 


1,050 + 0.467, —h 
(282) Re ee via (decimal) 


Which is the same as For. (278). 
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397. When Steam Is Too Wet To Superheat In A Throttling 
Calorimeter (Sec. 395) its quality may ordinarily be measured 
in a separating calorimeter (Fig. 352). This is a device for 
mechanically separating and measuring the water suspended 
in the steam. The quality is found by dividing the weight 
of dry steam by the sum of the weight of the moisture and the 


Steam Gage.. 


_Steam Outlet 


Scale In 
Lb. 


divisors 
‘ Perforated 
WN Basket 
Measuring 
Orifice Collected, 
“Oo 4 4 Water y\ 
ee aah Rubber Host Ness 
Binding-~° To bucket Connection To~ 
hes Of Water Steam Trap--.-- 
Fia. 352.—Separating calorimeter Fie. 353.—Steam separator for 
(which separates, mechanically, the removing entrained moisture. 


water from the steam). 


weight of the dry steam. It is impossible, however, to com- 
pletely separate all of the liquid from the vapor with a separat- 
ing calorimeter. Hence, such calorimeters always indicate a 
quality slightly in excess of the actual. When the steam 
pressure is less than about 50 lb. per sq. in., a separating calo- 
rimeter is very inaccurate. A throttling calorimeter may, 
however, be used on the discharge from the separating calori- 
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meter so as to correct the-error. The operation of the separat- 
ing calorimeter is explained below. 

EXpLANATION.—The steam enters the calorimeter through the tube, 
A, and discharges into the metal basket, B, which has perforations 
through its sides. The bottom of the basket is not perforated. Hence, 
to reach the outlet, D, above, the steam must make a sharp turn as it 
leaves the tube, A. In making this turn, the moisture in the steam, 
being heavier than the dry vapor, is thrown through the perforations 
in the side of B into the inner chamber, C, where it collects. The volume 
of the water, W, thus collected is read on the scale, S. The steam passes 
through, D, into the outer chamber, #, and then through the orifice, O, 
into the atmosphere or into a bucket of water. The rate of steam flow 
through the orifice, O, will depend on the pressure in L#. The gage, G, 
has two sets of graduations, one showing the pressure in H, and the 
other showing the weight of steam flow through O during a 10-minute 
period. As this gage for the steam flow is unreliable, a better scheme is 
to obtain the weight of the steam by condensing it—by passing it into a 
bucket of water—and then weighing the condensed steam. 

Nore.—In Sream-encine Practice, Stream Is Usuatty Passep 
Turoucn A Smparavor (Fig. 353) Berors It Reacups THe ENGINE. 
Hence its quality on entering the engine is high enough to be measured 
in a throttling calorimeter. 

398. Ammonia, Carbon Dioxide, And Sulphur Dioxide 
Vapors Are Used In Refrigeration Practice.—Since in mechani- 
cal refrigeration temperatures below 32° F. are required, it is 
desirable to employ some vapor which has (at moderate 
pressures) a boiling temperature lower than Soe Hove levis 
difficult to utilize water vapor for refrigeration purposes 
because water has a relatively high freezing point—it would be 
a solid at temperatures which must be used in refrigeration. 
Ammonia, carbon dioxide, and sulphur dioxide are the vapors 
which are generally employed. Ammonia is a very satis- 
factory refrigerant for ordinary refrigeration purposes because, 
at moderate pressures (130-200 Ib. per sq. in.), it can readily 
be condensed with cooling water at temperatures of 50 to 80° 
F. Sulphur dioxide condenses at pressures of from 40 to 
60 Ib. per sq. in. even with relatively warm condensing water. 
Thus this fluid is used to advantage in the tropics. Carbon 
dioxide is best suited for low-temperature refrigeration, but it 
must have cool condensing water, for otherwise the efficiency is 
greatly impaired. Carbon dioxide must be raised to a pressure, 
of nearly 1,000 lb. persq. in. beforeit can be condensed at 80° F. 
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QUESTIONS ON DIVISION 11 


1. What is the distinction between a vapor and a gas? Do gases and vapors behave 
similarly? 

2. What are the three conditions in which a vapor may exist? Define eachin two 
ways. Which one seldom occurs in practice? 

3. What are the two forms of saturated vapor? Define each. 

4. How is the amount of superheat in a vapor expressed? 

5. How may the condition of a vapor be determined? 

6. What is meant by the quality of a vapor? 

7. How may the properties of a vapor at some pressure between those given in the 
table be found? 

8. Define heat of the liquid. Total heat of a vapor. Of what values given in the 
vapor tables is the total heat the sum? 

9. How may the total heat of a wet vapor be found? Of a superheated vapor? 

10. Define the specific volume of a vapor. How is it determined for wet, dry satu- 
rated, and for superheated vapors? 

11. How would you find the quality of a wet vapor if you knew only its pressure and 
specific volume? 

12. Give the general formula for finding the internal heat energy in any vaporous 
substance. What is the starting point from which internal energy is measured? 

13. Of what two factors may heat energy be considered the product? Explain the 
similarity, on this basis, of heat and other forms of energy. 

14. Give two definitions of entropy. Can a substance suffer an increase or decrease 
of heat content without suffering a change in entropy? Explain. 

15. Can entropy be measured? How are entropy values determined? Do all sub- 
stances have entropy? Explain. 

16. Of what use is entropy in heat calculations? Of what value are charts which 
employ entropy? 

17. Is it possible to determine the absolute entropy of the substance? Why? 

18. Do we ever need to know the absolute entropy of a substance? From what 
starting point is entropy generally measured? 

19. What is the difference between absolute entropy and total entropy? 

20. How can the change in entropy during heat transfer be determined? Explain 
fully. 

21. Explain the usefulness of the temperature-entropy diagram for any process. 

22. What sort of temperature-entropy diagrams are useful in engineering? What is 
the difference between such a diagram and a chart? 

23. How would you find the entropy of a dry saturated vapor? Of a superheated 
vapor? Of a wet vapor? 

24. What is a Mollier diagram? Using values from the steam tables show by asketch 
how a Mollier diagram is constructed. Indicate on your sketch what portion of the 
diagram is generally most used. 

25. In how many ways may vapors expand and be compressed? What may be 
considered as the fundamental expansion or compression processes? 

26. What are the three principal kinds of vapor expansions which are encountered 
in actual machines? 

27. What is an isentropic expansion? In what kind of machines do nearly isentropic 
expansions occur? Why is the isentropic expansion considered as the ideal? Explain 
with a sketch. 

28. What changes in quality or superheat accompany isentropic expansions of vapors? 
How would you determine the quality or superheat of a vapor after isentropic expansion? 

29. Where do constant-pressure expansions of vapor occur in practical machines? 

30. Under what conditions does a vapor expand without change of heat content? 
In what practical processes do such expansions occur? 

31. What are the three principal ways in which vapors may be compressed? Which 
of these is not practically attainable? In what machines and under what conditions 
are these compressions obtained? 
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32. Derive the energy relations for an isentropic process for a vapor. What quantity 
can be read directly from a heat-entropy chart? 

33. State and derive the energy relations for a constant-pressure process for a vapor. 

34. What are the energy relations for throttling and isodynamic processes? 

35. What characteristics of steam make it so suitable a medium for heat engines? 

36. Make a sketch of and explain the principle of operation of the throttling calori- 
meter. 

37. When cannot a throttling calorimeter be used? What calorimeter is then used 
and how does it operate? Make a sketch of it. Is this calorimeter very accurate? 

38. Under what different conditions of refrigeration are ammonia, sulphur dioxide, and 
carbon dioxide used? Which of these is most generally used? 


PROBLEMS OW DIVISION 11 


1. What is the total heat given off in the condensation of 1,500 Ib. of wet steam at 
20 lb. per sq. in. abs. having a quality of 92.8 per cent. when the condensate is cooled 
to 60° F.? 

2. What amount of heat must be supplied to 1,720 Ib. of water at 49° F. to convert it 
to steam at 185 lb. per sq. in. gage pressure and 432° F.? 

3. Steam at 140 lb. per sq. in. abs. and 98 per cent. quality expands in a turbine to 
a pressure of 2 lb. per sq. in. abs. After this expansion it has a quality of 81 per cent. 
By calculations from the values given in the Steam Table, find the heat absorbed by 
the turbine from 1 lb. of steam. Note: Heat absorbed equals heat content of steam at 
throttle minus the heat content of exhaust steam. 

4. Find the specific volume of the steam entering and leaving the turbine of Prob. 3. 

5. Find the internal energy of the steam entering and leaving the turbine of Prob. 3. 

6. Find, without the use of the chart (Fig. 343), the increase in entropy during the 
expansion in Prob. 3. How much more heat is in 1 lb. of the exhaust steam than would 
have been in it, had the steam expanded isentropically? 

7. Steam at 160 Ib. per sq. in. abs. and 40° F. superheat expands isentropically (that 
is, along a constant entropy line) to a pressure of 5 lb. per sq. in. abs. By means of the 
chart find the quality of the steam after this expansion? Find the quality of the steam 
after expansion by calculation from the entropy values given in the steam tables without 
using the chart, and check this value with that found by means of the chart. 

8. How much external work would be done by each pound of steam during its 
expansion in a steam-engine cylinder if the steam expanded isentropically from 200 lb. 
pre sq. in. abs. and 100° F. superheat to a pressure of 3 lb. per sq. in. abs.? 

9. In the coils of an ammonia refrigerating system, vapor ammonia of 10 per cent 
quality and at —10° F. is evaporated at constant pressure until its quality becomes 0.95, 
How much heat is absorbed by each pound of ammonia and how much external work is 
done during the process? 

10. A throttling steam calorimeter gives readings as follows: Te mperature before 
passing through orifice, 346° F. Temperature after passing through orifice, 256° F 
Pressure after passing through the orifice, 15 Jb. per sq. in. abs. What is the quality of 
the entering steam? 
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